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THE REACTIONS OF BETA-HALo-ALLYL HALIDES WITH 
GRIGNARD REAGENTS 
I INTRODUCTION 
During the synthesis of certain natural products and at least 
one compound of commercial interest, phenylacetone, it is convenient 
to add the group -ca2cocH3 to appropriate molecules. For example, in 
the synthesis of 16-equilenone described b,yWilds and Beck (43), they 
found it necessary to go through three steps to make a substituted 
acetone derivative. More recently, the same problem was encountered 
1 
in the synthesis of pyrethrum constituents, homologs of cinnerolone (34). 
In this synthesis an acetone derivative was made in the following way. 
(R • alkyl or alkeeyl group) 
The s.ynthesis of phenylacetone has been accomplished in maqy 
ways, most of which involve low yields or expensive intermediates. 
These 1li1l be discussed in the following chapter to illustrate a .few 
methods for the preparation of acetone derivatives. 
k . new method for attaching the acetenyl group to molecules is 
suggested b.r the work o.f Henry (13), Tatevosyan and Vard.a.ey'a.n (39) and 
Lespieau and Bourguel (24). Henry found that 2,3-dichloro-1-propene 
could be hydrolyzed to chloroacetone with sul.furic acid. Tatevosyan and 
Varda.nyan alkylated sodium malonic esters with 1,3-dichloro-2-butene 
( gamma-chlorocrotyl chloride) and hydrolyzed the products with sulfuric 
acid to obtain derivatives with the group -GH2CH2COCH3 • Lespieau and 
Bourguel alkylated cyelohe:xylmagnesium bromide with 2,3-dibrom.o-1-
propene. The combination of these reactions suggests the following 
scheme. R may be an alkyl or aryl group. 
__ __;~ RCH2C•CH2 + MgX2 I 
X 
( H2S04, H20 
~ 
RCH2COCH3 
The purpose of this research has been to investigate the feasi-
bility of such a reaction scheme. Preliminary experiments indicated 
that no great difficulty was to be expected in the hydrolysis step provided 
that the R group is not sensitive to sulfuric acid. No other reagent 
was found which could be used instead of the sulfuric acid. 
The main part of the research was directed toward a stu~ of the 
alkylation reactions of 2,3--dihalo-1-propenes. In addition to their 
reactions with Grignard reagents, the alkylation reactions with phenyl-
lithium, diphe~lcadmium and bromobenzene and sodium were investigated. 
A literature search indicated that the Friedel-Grafts· reaction offered 
little promise so this was not included in the investigation. The 
Grignard reaction appeared to be the most promising. 
Early experiments were carried out with 2,3-dichloro-1-propene 
which was available from the Shell Development Compan,y at Emeryville, 
California. After a few preliminary experiments it became evident that 
there were two reactions which too~ place when a Grignard reagent reacted 
with a 2,3-dihalo-1-propene. These are illustrated with pheeylma.gnesium 
bromide and 2,3-dichloro-1-propene. 
a. 2 Cet511gBr + ClCH2CCl-cH2~ CH2•c-CH2 t + 0611,06115 
+ MgBr2 + MgC12 
b. C6115MgBr + ClCH2CCl•CH2 - "> C&J5CH2CCl•CH2 + MgClBr 
The first reaction was predominant in ether solutions while the 
second could be accomplished with modest yields in benzene or toluene 
solutions. These reactions were carried out with several other 2,3-di-
halo-1-propenes, namely the 2,3-dibromo-, the 2-bromo-3-chloro-, the 
3-bromo-2-chloro-, and the 2-chloro-3-iodo- derivatives. Of the group, 
3-bromo-2-chloro-1-propene gave the best yield in the ·al~lation reaction 
(b. above). 
The reactions were carried out in ether and also in benzene or 
toluene because the latter solvents allow the use or higher temperatures 
where the al~lation reaction (b) becomes faster ~n comparison to the 
coupling reaction (a). This may be an effect of both the solvent and 
the temperature (44). 
The results obtained in the study or these reactions allow a 
qua+itative estimation of the relative reactiviti es of the vi~l halogen 
and the allylic halogen in the 2,.3-dihalo-1-propenes which were used. 
When the reactivities of the two halogens were simi 1 ~ (as in 2-bromo-.3-
chloro-1-propene), reaction (a) was predominant in ether while in toluene 
al~lation of the vinYl halogen as well as of the allylic halogen pro-
bably took place (c). 
c. 2 c6Hr_;JAgBr + ClCH2CBr-CH2-:>C6H5CH21•CH2 • JlgBrCl + MgBr2 
C6H5 
When the reactivities of the two halogen atoms were different as in 
.3-bromo-2-chloro-1-propene and in 2-chloro-.3-iodo-1-propene, al~lation (b) 
took place to a fairly large extent. 
The coupling reaction (a) gave good yields in ether 'With 2,.3-di-
chloro-1-propene and benzyl magnesium chloride, phenyl magnesium bromide 
and n-butyl magnesium bromide. This suggested the use of the easily 
available dichloropropene to carry out the coupling reaction which 
Kharasch and co-workers have studied (20). The latter reaction is the 
coupling of Grignard reagents 'With an alkyl halide and a catalyst such 
as cobaltous chloride. This reaction has been used with certain modi-
fications for the synthesis of the dimethyl ether of hexestrol from 
anethole hydro bromide (44). The same synthesis with dichloropropene 
and the Grignard reagent from anethole hydrobromide was unsuccessful 
because of failure to obtain the Grignard reagent in this laboratory-. 
II LITERATURE 
A.. Preparation of Halogenated Alll.yl Halides 
Of the several dihalo propenes which were used in the course 
of this work, a few were available commercially. However, it was 
necessary to synthesize 2,3-dibromo-1-propene, 2-bromo-3-chloro-1-
propene and 3-bromo-2-chloro-1-propene. A synthesis of the first 
compound has been described by Lespieau and Bourguel ( 25) • The pro-
cedure consists in addition of bromine to allyl bromide (17) followed 
by removal of hydrogen bromide with solid alkali and a little water. 
Essentially the same procedure was used for the preparation 
5. 
of 2-bromo-3-chloro-1-propene (21) only allyl chloride was used in-
stead of allyl bromide. The preparation of 3-bromo-2-chloro-1-propene 
was carried out by the action of phosphorus tri-bromide on beta-chloro-
allyl alcohol (21). The latter compound was available from the Shell 
Development Company of Emeryville, California. The same company 
generously supplied 2,3-dichloro-1-propene and 1,3-dichloro-1-propene 
for this work. 
B. Reactions of Halo-allyl Halides with Grignard Reagents 
The alkylation reaction of a beta-halo-allyl halide with Grignard 
reagents has been investigated by Lespieau (24, 23) in considerable 
detail with 2,3-dibromo-1-propene. Fairly good yields were obtained 
with alkyl Grignard reagents but with phenylmagnesium bromide the yield 
was low. The maximum yield which has been reported was 40 per cent 
for the latter Grignard reagent (3). This is not at all like the result 
obtained when phenylmagnesium bromide reacts with allyl bromide and 
the yield is 82 per cent (16). 
The alkylation with 1 1 3-dichlero-1-propene and phenylmagnesium 
bromide is reported in quantitative yield in toluene at 100° (1). 
The present research did not substantiate Bert•s report but it was 
evident that toluene was a better solvent than benzene for this type 
of reaction. 
6. 
After certain prelimi.nary experiments were carried out on alkyla-
tion reactions of dihalopropenes this research was centered on the 
reaction of these compounds with phenylrnagnesium bromide. The desired 
products were 2-halo-3-phenyl propenes (beta-halo-allyl benzenes) 
which could be hydrolyzed to phenylacetone. For this reason and also 
as an illustration of some of the methods for the preparation of sub-
=tituted acetones, the methods for making phenylacetone are interesting. 
c. Synthesis of Phenylacetone 
There is a decided variation in the methods used for the synthesis 
of phenylacetone but they are uniform in that rather low yields have 
'been obtained. The simplest procedure is probably that of Jones and 
Ramage (18) who heated calcium phenylacetate with calcium acetate in 
a nitrogen atmosphere and distilled the product. The yield was low 
because of the formation of acetone and dibenz.yl ketone. A somewhat 
similar procedure was that of Herbst and Manske (15) who passed the 
vapors of phenylacetic acid and acetic acid over thorium oxide on pumice 
at 4.30 to 450° C. The yield of phenylacetone was 55 to 65 per cent • 
Two methods which might be useful for the preparation of compounds 
related to phenylacetone are the following. Mason and Terry (27) pre-
pared phenylacetone from benzene, chloroacetone and ariQydrous aluminum 
chloride. Their yield was 32 per cent. Bobransld.i and Drabik (2) 
improved a method described by Julian and Oliver (19) and obtained an 
over-all yield of about 60 per cent from benzyl chloride. This synthe-
sis was carried out in the following way. 
c6HsCH2Cl + NaCN ----) c6H5CH2CN 
c~~Na 
C6H5CH2CN + CH3COOC2H5 7 
ether 
+ NaCl 
C6H5CHCOCH.3 + c2H,OH I 
CN 
Hi304 
c6H5~COCH.3 + H2o . C6HsCH2COCH3 + NH3 + C02 
CN 
Jhlother synthesis of phenylacetone analogous to that used in 
the synthesis of 16-equilenone mentioned in the Introduction would be 
that from phenylacetic acid ehl.oride and sodium malonic ester followed 
b.Y hydrolysis of the ester and decarbo~lation to phenylacetone. This 
method would probably be too expensive for ordinary commercial use. 
The synthesis of phenylacetone carried out in this study has 
given an over-all yield of 40 per cent starting with bromobenzene. The 
method described offers promise for synthesizing substituted acetones 
from Grignard reagents in two steps. This is especially true for the 
reactions of 2;3-d.iahlop~openes in which the yield of the al~lation 
reaction with Grignard reagents is goodt (24). 
8. 
III PREPARATION OF BETA-HALD-ALLIL HALIDES 
A. ~ification and Hydrolysis of 2,3-Dichloro-1-propene 
1. Distillation Data for 2,3-Dichloro-1-propene 
The 2,3-dichloro-1-propene obtained from the Shell Development 
Company of Emeryville, California, was yellow brown in color and it 
contained some high boiling material. Therefore it was distilled with 
a 40 em. Widmer column. The recovery was 91 per cent of material 
boiling at 93.7 to 94.4° c. (uncorr.) with an index of refraction Dn20 
equal to 1.4603. The Shell Development Company gave the boiling point 
as 93.5° c. and the index of refraction Dn2o • l.L.6o9. 
2. Hydrolysis of 2,3-Dichloro-1-propene 
In the low boiling fractions from the distillation of the 
products of a Grignard al~lation experiment with 2,3-dichloro-1-
propene the separation of the halide was poor, especially when benzene 
or toluene was used as the solvent. Therefore it was desirable to have 
an anaJ.ytical method which could be used to evaluate the amount of this 
halide which did not react under the conditions of the experiment. One 
convenient procedure would be hydrol.ysis of the allyl halide with standard 
base, followed by a titration with standard acid to find the amount of 
base consumed. 
The reaction was investigated with the pure halide first. Freshly 
distilled 2,3-dichloro-1-propene (5.0 ml.., 0.0546 mole) was refiuxed over 
an open name with 50 ml. of 1.450 N sodium hydroxide. Aa.iquots (5.0 ml.) 
of the base were withdrawn from time to time and titrated with o.Lll N 
sulfuric acid, using phenolphthalein as an indicator. The results ob-
tained indicated that the hydrolysis of the allyl halogen was complete 
in four and a half hours. In another experiment with the same amounts 
of material, the reaction was allowed to proceed for five hours. At 
this time about 2 per cent more than the theoretical amount of base 
had been consumed. 
A similar experiment was carried out 'With freshly distilled 
beta-chl.oro-allyl alcohol. In this case the halogen was 70 per cent 
removed in six hours. Hatch and Evans (12) have used this reaction 
for the preparation of propargyl alcohol. With 20 per cent sodium 
. hydroxide they obtained 54.6 per cent conversion in two hours. 
Thus the hydrolysis of 2,3-dichloro-1-propene takes place in at 
least two steps with two different rates. 
ClCH2CCl•CH2 + Oir ~ HOCH2CCl•CH2 + Cl-. 
H~CCl•CH2 + oi1 --> HOCH2~CH + Cl- . + H20 
The first reaction has been carried out with aqueous alkali 
carbonate ( 21). Because of the simultaneous reactions which take 
place, the hydrolysis reaction cannot be used for quantitative results. 
B. 3-Bromo-2-chloro-1-propene 
1. Preliminary Preparation Experiments 
The preparation of 3-bromo-2-chloro-1-propene has been carried 
out by Henry (14), who used beta-chlro-allyl alcohol and phosphorus 
10. 
tri-bromide. The same preparation has been described by Kremer {21) 
but his report did not appear until after the work in this laboratory 
was completed. Phosphorus tri-bromide is no longer available commercially. 
Therefore, another route was sought for the preparation of 3-bromo-?-
chloro-1-propene. 
The alternate procedure investigated was conve1'sion of beta.-
chloro-allyl alcohol to the bromide with hydrobromic acid. The free 
acid, the acid and aluminum bromide and the acid with sulfuric acid 
were all tried but the main reaction appeared to be polymerization as 
indicated b,y the tar-like products. 
Therefore it was necessary to prepare phosphorus tri-bromide 
for the procedure Henry used. 
2. Preparation of Phosphorus Tri-bromide 
This preparation has been carried out by the addition of bromine 
to a hot suspension of red phosphorus in a suitable medium. The best 
medium for suspension of red phosphorus is phosphorus tri-bromide, but 
phosphorus tri-chloride, carbon tetrachloride and benzene have also been 
used (7). In this laboratory the preparation was carried out in benzene. 
The reaction was not easily controlled because the phosphorus did not 
remain suspended. The yield of the tri-bromide boiling at 168 to 172° 
was 48.7 .per cent of theory based on the amount of bromine used. This 
material was used for the following preparation. 
11. 
3. Preparation or 3-Bromo-2-cbloro-1-propene 
The preparation was carried out with freshly prepared phosphorus 
tribromide and beta-chloroallyl alcohol which was obtained from the 
Shell Development Compa.IV'. Phosphorus tribromide (138 g.) was dissolved 
in 1.50 ml. of freshly distilled benzene (wet portion rejected) in a 
.500 ml.. boiling flask with a ground joint. The fiask was connected to 
a stillhead which served as a renux condenser and adapter for a 
dropping tunnel and thermometer which was immersed in the solution. 
(A. three neck fiask would serve as well.) With the nask immersed in 
a freezing mixture or ice and salt, 127 g. (.5 per cent excess) at 
freshly distilled beta-chloroallyl alcohol were added at such a rate 
as to keep the temperature or the reaction below 1.5°. Above 1.5° 
hydrogen bromide evolution took place. The mixture was allowed to 
stand in the ice bath overnight to warm to room temperature; then it 
was warmed to 6.5°. Two layers were present and no hydrogen bromide 
escaped. The benzene solution was separated and washed with 2.50 ml. 
cold water, 200 ml.. dilute potassium carbonate solution, 200 ml.. water 
and finally with 1.50 ml. saturated salt solution. The product was .in the 
lower layer after each wash. The benzene solution was filtered through 
anhydrous magnesium sulfate, then stored over a little calcium chloride 
and a few crystals of hydroquinone for subsequent distillation. 
The dr,y benzene solution of crude 3-bromo-2-chloro-1-propene was 
fractioned with a 60 em. vacuum-jacket helix-packed column and a still-
head which provided for variable renux adjustment and traction cutting 
12. 
in one unit. The pure 3-bromo-2-chloro-1-propene was collected at 77 
to 79.2° c. (uncorr.) at 200 mm. of mercury pressure and weighed 178.3 g. 
This was 75.3 per cent of the theory based on phosphorus tribromide 
used. The index of refraction r1n 20 was l.$o6o. Kremer (21) found the 
boiling point of this compound to be 55° at 79 mm. pressure and the 
index of refraction nD20 was 1.505. He carried out the preparation in 
pyridine. 
4. Hydrolysis of 3-Bromo-2-chloro-1-propene 
The hydrolysis of this compound was carried out in the same wq 
as that of 2,3-d.ichloro-1-propene which has already been described. 
The results obtained indicate that the removal of the ~lie bromine 
was complete in forty-five minutes, at which time the rate of consumption 
of base dropped. This is to be expected because the formation of pro-
pargyl alcohol has alreaqy been demonstrated to be a much slower reaction. 
c. Preparation of 2,3-Dibromo-1-propene 
The preparation of this compound has been described adequately 
by Lespieau and Bourguel (25) who used 1,2,3-tribromopropane. The 
latter compound has been prepared by Johnson and McEwen (17). The 
modifications in their procedure which were made in this laboratory 
are given in the following two sections. 
1 • . 1,2,3-Tribromopropane 
The preparation was carried out following the procedure given 
by Johnson and McEwen. The addition of bromine to allyl bromide was 
carried out with half the amounts they used and the per cent yield 
was comparable. Cooling with dry ice in cellosolve made it possible 
to carr.r out the addition in forty-five minutes instead o! one and a 
half hours. The product after removal o! carbon tetrachloride was 
used directly !or the following preparation. 
2. 2,3-Dibromo-1-propene 
13. 
The procedure given by Lespieau and Bourguel was followed with 
similar resul:t.s. However, the yield o! pure product boiling at 73.5 
to 74° at 75 mm. mercur.r pressure was 58.8 per cent of the theoretical 
when uncorrected for recovered tribromopropane. The authors above 
reported yields of !rom 74 to 84 . per cent of the theory and their 
boiling point at 75 mm. was 75 to 76°. 
D. Preparation of 2-Bromo-3-chloro-1-propene 
The preparation is essentially that described by Kremer {21) 
whose work appeared just after the work was completed in this laboratory. 
The procedure is similar to that above except that a.llyl chloride was 
used instead of allyl bromide. 
1. 1,2-Dibromo-3-chloropropane 
The reaction was carried out with 110 ml. (103 g. or 1.35 mole) 
o! freshly distilled allyl chloride in 235 ml. of freshly distilled 
carbon tetrachloride. The first 25 ml. of carbon tetrachloride were 
rejected. Bromine (72 ml.., 225 g. or 0.141 mole) washed with an equal 
volume of concentrated sulfuric acid was added to the allyl chloride 
14. 
solution at -6 to -1° c. over a period of forty-five minutes. Dr.1 ice 
in ethyl cellosolve was the cooling medium. After the solution warmed 
to room temperature the carbon tetrachloride was flashed off and the 
remainder removed under vacuum with a glass water aspirator. The residue 
was dark so it was distilled. The product boiling at 99 to 100° at 30 mm. 
of mercur;r pressure weighed 293.7 g. This was 92 per cent of the 
theoretical yield. 
2. 2-Bromo-3-chloro-1-propene 
Method at The preparation was carried out first with sodium 
hydroxide pellets and 1 1 2-dibromo-3-chloro-propane according to the 
directions for the preparation of 21 3-dibromo-1-propene. 1,2-Dibromo-3-
chloropropane (162.6 g. or 0.688 mole), 50 g. sodium hydroxide pellets 
and 10 ml. of water were mixed in a 500 ml.. round bottom flask. The 
flask was connected with a wide tube adapter to an efficient condenser 
for dowmrard distillation. The flask was heated with a smoky flame and 
was shaken from time to time as the reaction proceeded. After forty-
five minutes the only distillate appeared to be water so the flame was 
removed. The residue solidified to a hard cake when cool. The distillate 
was washed with 150 ml. of water, dried with a little anhydrous calcium 
chloride and distilled under vacuum. The material boiling below 95° 
at 75 mm. was taken as crude 2-bromo-3-chloro-1-propene and weighed 
27.6 g. The residue weighed 117.8 g. which is 72.4 per cent of the 
weight of 1,2-dibromo-3-chloropropane taken. On this basis, 27.6 per 
cent of the theoretical hydrogen halide elimination took place. 
15. 
The solid residue above was dissolved in water, acidified with 
concentrated nitric acid and the solution filtered to remove insoluble 
organic material. The filtrate was diluted to 1.0 liter in a vol-wnetric 
flask. The total halogen was determined b,y precipitation from a 25.0 ml. 
aliquot of the solution with silver nitrate. The chloride was precipitated 
from another 2.5.0 ml. aliquot with silver nitrate after removal of bromide 
b,y oxidation with permanganate and extraction with carbon tetrachloride. 
The combined silver bromide and chloride weighed 0.80 g. when dry and 
the silver chloride weighed 0.11 g. From these data it can be shown 
that 27.2 per cent of the theoretical hydrogen halide elimination took 
Place. Of the hydrogen halide removed 17.3 per cent~ 2 per cent was 
HCl and 82.7 per cent t 2 per cent was HBr. 
Method ba The procedure was similar to that described above 
except for the use of potassium hydroxide. 1,2-Dibromo-3-chloropropane 
(100 g. or 0.423 mole) was mixed with 40 g. (0.712 mole) of potassium 
hydroxide pellets and 7 ml. of water. This time the reaction took 
place b,y itself' after the mixture was warmed with a smoky flame. The 
rate appeared to be about the same as that for the reaction of sodium 
hydroxide and 1,2,3-tribromopropane. The distillation residue containing 
unchanged 1,2-dibromo-3-chloropropane weighed 19.4 g. which is 19.4 per 
cent of the material taken. Thus on this basis 80.6 per cent of the 
theoretical hydrogen halide elimination took place. The crude mixture 
of' dihalopropenes weighed 47 • .5 g. The alkali residue was ana.lyzed b,y 
the procedure above and it was found that 18.2 per cent ± 2 per cent 
of the hydrogen halide removed was HCl while 81.8 per cent ± 2 per cent 
16. 
was HBr. The hydrogen halide removal was 91.8 per cent complete based 
on the alkali halide present. Thus the residue from the distillation 
of crude dihalopropenes may contain polymerization products as well as 
1 1 2-dibromo-3-chloropropane. 
Fractional distillation of the crude mixture or 21 3-dibromo-1-
propene and 2-bromo-3-chloro-1-propene from several runs indicated that 
49.4 per cent of the theoretical amount of the latter was obtained. 
It boiled at 63° at 120 mm. (~20 1.5010; nn25 1.4982). Also 8.3 per . 
cent of the theoretical amount of 2,3-dibromopropene-1 boiling at 72.,a 
at 75 mm. (on20 1.5392; Jln25 1.5368) was obtained. The amount of crude 
material lost as intermediate fractions and residue was 22.6 per cent. 
Kremer reported the boiling point or 2-bromo-3-chloro-1-propene 
to be 43° at 56 mm. pressure and the index or refraction noi5 • 1.503. 
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IV PRJU,IMINARY ALKYLATION EXPERIMENTS 
A. Introduction 
In this chapter the scope of the al~lation of Grignard reagents 
with allylic halides 1'lill be examined. However, before these preliminary 
experiments were done, it was necessar,y to find out whether other methods 
of al~lation with allylic halides might give better results. The 
Friedel-crafts reaction has been useful for the al~lation of aromatic 
molecules with al~l halides but this method has not been very successful 
when applied to the preparation of ~1 benzene (32). Therefore, no 
experiments were conducted with this method in the present stuey. 
The possibilit,y of coupling bromobenzene and 21 3-dichloro-1-
n propene by a Wiirtz reaction was examined in this laboratory. Ai1l 
attempts to initiate a satisfactory reaction of the mixed halides with 
sodium in dry ether failed. 2,3-Dichloro-1-propene appears to exert a 
poisoning action on the reaction of bromobenzene with lithium, sodium 
or magnesium. This was demonstrated in the following wq with magnesium; 
the same effect was observed in the reactions with lithium and sodium. 
Bromobenzene in 2 to 3 ml.. o:f dry ether was allowed to reach a 
state of vigorous reaction with a few pieces of magnesium. Then a drop 
o:f freshly redistilled 21 3-dichloro-1-propene was added. The reaction 
stopped almost instantly and could not be started again unless a very 
large ratio of bromobenzene and magnesium to dichloropropene was present. 
Both high and low boiling 1 13-dichloro-1-propene* showed the same effect. 
*These fractions obtained by fractional distillation of a commercial mixture 
from the Shell Development Comparv boiled at 110 to 1120 and 103 to 1050, 
respectively. 
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On the other hand, technical ether (0..5 ml.) which contained water and 
alcohol did not appreciably slow down the reaction. Aalyl chloride in 
a similar test speeded up the reaction nearly to violence while 2,3-
dibromo-1-propene, 3-bromo-2-chloro-1-propene and 2-bromo-3-chloro-1-
propene speeded up the reaction at a decreasing rate in the order 
presented. 
Attempts to prepare Grignard reagents from 2,3-dihalo-1-propenes 
in this laboratory have been uniformly unsuccessful. 2,3-Dichloro-1-
propene could not be induced to react with magnesium under a wide 
variety of conditions such as with iodine present, ethyl bromide present 
or even as illustrated above, with a large amount of pheeyl magnesiwn 
bromide present. If a reaction were to take place 1 it would very likely 
be allene formation since this reaction has been demonstrated with similar 
compounds in the following way. 
21 3-Dibromo-1-propene reacts vigorously with magnesium in ether, 
forming allene and magnesium bromide quantitatively. This was demonstrated 
b,y decomposition of the reaction mixture with standard acid and titration 
with standard base. None of the acid was consumed b,y the reaction as 
would have been the case had a Grignard reagent been present (10). 3-Bromo-
2-chloro-1-propene reacted slowly ~th magnesium in ether. Solid magne-
sium chloride separated and allene was evolved. Like 2,3-dichl.oro-1-
propene, 2-bromo-3-chloro-1-propene did not react with magnesium in ether. 
The identification of allene will be discussed in a following section. 
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A slight reaction was observed when 21 3-diehloro-1-propene was 
added to a solution of phenyllithium and some of the desired al~lation 
reaction product was found in an experiment with diphenyl cadmium. 
These experiments will be presented in the following two sections; then 
the remainder of this chapter will be devoted to preliminar,y experiments 
with the Grignard alkylation reaction. 
B. Reaction of 2,3-Dichloro-1-propene with Phenyllithium 
The preparation of phenyllithium has been described b.1 Gilman (8). 
Essentially the same procedure was followed in this laboratory. Anhydrous 
ether (40 ml.) was placed in a 500 ml. round bottom, three-neck flask 
fitted with a dropping funnel, mercury sealed stirrer and reflux condenser. • 
The ether was heate.d gel}tly to remove most of the air .in the flask; then 
3.4 g. of lithium wire (0.49 mole} were cut in 1 to 2 em. lengths and 
dropped into the flask. Then 23.2 ml. of bromobenzene (0.22 mole) in 
5o ml.. of 8.llb\vdrous ether were added over a period of thirty-five minutes. 
The mixture refluxed vigorously without application of heat, the lithium 
dissolved and a brownish white precipitate (lithium bromide} separated. 
A£ter the addition of the bromobenzene heat was applied and the mixture 
was stirred and refluxed for a half hour. The mixture was then allowed 
to settle for an hour, then it was poured through glass wool into a 
separatory funnel, leaving most of the solid behind. k little anhydrous 
ether was used for rinsing. 
The phenyllithium solution which contained a little suspended 
lithium bromide was added slowly to 18.0 ml. (0.2 mole) of fres~ 
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distilled 2 1 3-dichl.oro-1-propene in 50 ml. of anhydrous ether in the 
same apparatus that was used for the preparation of phenyllithium. · A_ 
gentle refluxing without application of heat lasted during the addition 
of the lithium reagent (one half an hour) but slowed toward the end. 
Steam heat was gently applied and stirring was continued for another 
half hour. Then the mixture was carefuJ.ly decomposed with 4 ml.. of 
concentrated hydrochloric acid in 100 ml. of water. The mixture was 
shaken until both l~ers were clear; then the ether layer was separated, 
washed with water, saturated salt solution and then dried by' filtration 
through anhydrous magnesium sulfate. 
The ether was removed on a steam bath; then the residue was 
distilled with a modified Claisen flask. The following fractions were 
obtained. 
1. 16.9 g. b. 43-87o, steaqy rise in boiling point. 
2. - 7·4 g. b • . 87-102°, mostly 9o-94°, unchanged dichloropropene. 
3. 5.6 g. ~5 7Q-125°, darkened, foul odor. 
4. 0.5 g. b:J.5125-127°, solid in condenser, diphenyl. 
5. 4.3 g. residue, foul smelling black tar. 
' The desired product, 2-chloro-3-phenyl-1-propene, boils at 70 
to 75° at 11 mm. but since fraction No. 3 boiled with a steadily in;_ 
creasing boiling point and had an entirely different odor from that 
observed in more successful experiments, this preliminar.y experiment 
was not investigated further. 
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c. Reaction of 2,3-Dichloro-1-propene with Diphenylcadmium 
The preparation of diphenylcadmium has been described by Cason (4). 
The preparation was carried out in this laboratory with 0.485 mole of 
phenylmagnesium bromide and 51.4 g. of anhydrous pulverized cadmium 
chloride. Toluene (200 ml.) was used as the solvent in place of benzene. 
The thick grey black suspension of diphenylcadmium plus magnesium halides 
which gave a negative Gilman test (9) were added in small portions ov-er 
a period of an hour to 45 ml. of freshly distilled 21 3-dichloropropene 
in 50 ml. dxy toluene. The reaction was carried out at the temperature 
of the steam bath in a 5oo ml. three-neck flask equipped with mercury-
sealed Hershberg stirrer and reflux condenser vd.th drying tube. The 
addition took an hour. The solid phase became white and crystalline 
and increased slightly in amount. The mixture was left overnight at 
· room temperature, then heated again on the steam bath. When the flask 
was wrapped in a towel, gas bubbles appeared in the suspension and 
allene was ev-olved. This was demonstrated by odor, unsaturation and 
failure to form a mercury salt. 
The thick suspension was poured into 800 g. of ice and 45 ml. of 
concentrated hydrochloric acid while the mixture was stirred by hand. 
The layers were separated and the water washed with ether which was 
combined with the toluene solution. This was washed with two portions 
of saturated salt solution and filtered through anhydrous magnesium 
sulfate with calcium hydride on top of it. The dry solution weighed 
383.7 g. The mixture was fractionated and the following fractions 
were obtained. 
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No.1 b. 35-43° 91.6 g. ~20 1.3550 
2 55-84 6.86 1.4612 
''3 84-85 8.3 1.4910 
4 85-91 14.9 1.4869 
5 91-97 9.0 1.4758 
6 97-105 32.5 1.4800 
1 105-110 181.5 1.4940 
8 no-b2045 24.8 1.1~980 
9 Residue 7.8 odor or 2-ehloro-3-phenyl-1-
propene 
other indices of refraction which were measured for comparison 
were dry toluene nn20 a 1.4966; benzene nn20 - 1.5008; 2,3-dichloro-1-
propene nn20 - 1.4605. 
The total weight of recovered material was 377.3 g. so the loss 
was 6.4 g. or 1.7 per cent of the total. The yield of crude 2-chloro-
3-phenyl-1-propene, including some which was recovered from the still 
packing, ~ less than 10 per cent; therefore, this method of alkylation 
was not investigated further. 
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D. Reactions of Grignard Reagents with Aa.lyl Halides 
1. Phenylmagnesium Bromide and A:llyl Bromide 
This preparation was carried out to familiarize the experimenter 
with the procedure for al~lating Grignard reagents with allylic halides • 
• 
The procedure used was the inverse addition suggested b,y Lespieau in 
his work with 2,3-di.bromo-1-propene (24). 
Pheeylma.gneaium bromide was prepared from 11 ml. of bromobenzene 
and 2.67 g. of magnesium in 50 ml. of ether. The reagent was added 
slowly to 7.0 mJ.. (0.08 mole) of allyl bromide in 10 ml. of dry ether. 
The rate of addition controlled the rate at which the solution refluxed. 
The mixture was heated far thirty-five minutes after the addition was 
complete, then the magnesium bromide was removed by slow hydration with 
5 ml. of concentrated hydrochloric acid in 25 ml. of water, followed by 
separation of the ether layer. The ether solution was washed with water, 
then dried b,y washing with saturated salt solution followed by fil tra-
tion through anhydrous magnesium sulfate. The solution was concentrated 
in a small modified Claisen distilling flask and the residue distilled. 
A small amount of allyl bromide was recovered, then 7.9 g. of allyl 
benzene boiling at 154 to 157° was obtained. The residue was ooly 
o.5 ml. of a brown oil. The yield of allyl benzene was 83 per cent 
with no correction for recovered allyl bromide. 
2. Pheeylmagnesium Bromide and Ml.lyl Chloride 
The procedure followed was the same as that above but the observa-
tiona were different. The outstanding difference was in the appearance of 
a heavy white precipitate during the addition of the Grignard reagent 
and the fact that it was necessar,y to heat the mixture to obtain a 
reaction. Before the mixture was decomposed a portion of the solid 
(0..5 g.) was withdrawn and pressed dry between filter papers. This 
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solid did not melt or decompose when heated at 280° c. and it was completely 
soluble in water. Both bromide and chloride ions were present in the 
aqueous solution. This was demonstrated b,y a qualitative separation 
procedure (29) in which bromide is oxidized to bromine with permanganate 
and in this way removed from the solution. 
After decomposition of the mixture and distillation of the residue 
as before, the yield of al.lyl benzene, b. 154 to 157°, was 5.6 g. from 
0.098 mole of allyl chloride and 0.1 mole magnesium bromide. This re-
presented 48 per cent with no allowance for either the small amount 
of allyl chloride recovered or 2.1 g. of biphenyl which was obtained 
in the residue. 
3• Phenylmagnesium Bromide and 2,3-Dichloro-1-propene 
The procedure was the inverse addition of phenylmagnesium 
bromide to the halide in ether solution. Titration of the Grignard 
reagent was carried out according to the procedure described b,y GjJman (lo). 
2-chloro-.3-phenyl-1-propene:: The Grignard reagent was prepared 
in a 5oo ml. conical flask from 64 g. (43 ml. or 0.409 mole) of freshly 
distilled bromobenzene in 200 ml. of sodium-dried ether and 10 g. (0.411 
mole) of dry magnesium turnings. The fiask was fitted with a mercury 
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sealed, double propeller stirrer, reflux condenser and dropping funnel. 
Some of the bromobenzene solution was added to the magnesium; then the 
stirrer was turned on. A reaction commenced immediately so the main 
bulk of the bromobenzene solution was added at a stea~ rate during a 
half hour. When all the bromo benzene was in the reaction vessel, steam 
heat was applied for another three quarters of an hour; then the stirrer 
was shut off and the clear warm solution was siphoned into a stoppered 
250 ml. graduate to measure the volume of solution and to remove excess 
magnesium. Two 5.0 ml. portions of the solution were decomposed with 
25.0 ml. of 0.412 N sulfuric acid each; then the ether layer was separated, 
rinsed with distilled water and evaporated. The residue was a few 
drops of oil which did not resemble biphenyl. The acid solutions were 
heated to remove ether and then titrated with 0.196 N sodium hydroxide 
using phenolphthalein as an indicator. 
The volumes of base required were 8.50 and 8.55 ml. for the samples, 
so an average of 8.52 ml. of base was equivalent to the acid left after 
decomposition of the phenylma.gnesium bromide. Twenty-five milliliters 
of 0.412 N acid was equivalent to 52.5 ml. of 0.196 N base; therefore, 
52.5 minus 8 • .5, or 44.0 ml., base was equivalent to the phenylma:gnesium 
bromide in 5 ml. of solution. The normality of the G:rignard solution 
was 44.0 x 0.196/5.0 • 1.72. The volume of this solution was 210 ml. 
so the yield was 1.72 x 210 x 100/1000 x o.409 • 88 per cent of theoretical. 
Part of the Grignard reagent solution (100 ml.) was mixed with 
17 ml. (20.4 g. or 0.184 mole) of beta-chloroallyl chloride and allowed 
to stand six hours in cold water, then thirty-nine hours at room temperature. 
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This run will be discussed on page 28. The remaining 100 ml. of Grignard 
solution were adde.d to 16 ml. (0.173 mole) of beta-chloroallyl chlorides 
in 50 ml. of ether over a period or one hour at the reflux temperature. 
In spite of vigorous stirring the formation or solid was spasmodic so 
that cooling was necessar,y to conserve ether during periods when solid 
was forming. At other times heat was necessary to maintain the reflux 
temperature. This solid appeared to be mixed magnesiwn bromide and 
chloride because a portion or it quickly pressed dry in filter papers 
and dissolved in dilute nitric acid left no organic scum. A qualitative 
analysis showed that the solution contained both bromide and chloride 
in about equal amounts. 
The nearly solid reaction mixture was dissolved in the same 
Grignard apparatus with 100 ml. of water containing 5 ml. of concentrated 
sulfuric acid. The dilute acid was added slowly so that a steady refluxing 
or the ether was maintained b,y the heat of solution until the solid was 
all dissolved. The two layers were separated, the water layer and the 
flask were both washed with ether, then the ether solution was washed 
with saturated salt solution and filtered through anhydrous magnesium 
sulfate into a distilling flask. The ether was removed on a steam bath, 
a vacuum having been applied to remove the last traces. Then 3.9 g. or 
product were obtained which boiled at 90 to 115° at 18 to 20 mm. mercury 
pressure. This was crude 2-chloro-3-phenylpropene from llhich 58 per cent 
or material boiling at 74 to 77° at 10 mm., nn25 1.5309, was obtained in 
larger scale experiments (next chapter). The yield of this pure material 
was 9 per cent of theory. The distillation residue which solidified on 
cooling weighed ll.5 g. The melting point of the solid was 62 to 65° 
after removing a little oil with filter papers. The same fraction 
.from a similar run was found to contain no halogen on sodium fusion and 
did not react with bromine water or acid permanganate. After one re-
crystallization, the melting point was 67.5 to 68.7°. The melting 
point of biphenyl is 69 to 70° (mixed melting point 67.8 to 69.8°); 
therefore this distillation residue was mainly biphenyl. The yield of 
oil-.free material was 10.1 g. or 85 per cent of theory. 
OXidation of the Distillation Residue: & portion of the crude 
residue (3.2 g.) was dissolved in 60 ml. of benzene and this solution 
was suspended in a solution of 12 ml. concentrated sulfuric acid in 
100 ml. of water at about 45°. A total of 7 g. of potassium permanganate 
was added to the mixture over a period of one and a half hours and 
nearly all of this permanganate reacted. The manganese dioxide was 
removed with bisulfite and the layers separated; then the benzene 
solution was washed with two portions of saturated sodium bicarbonate 
solution and dried and evaporated. A. crystalline solid weighing 2.9 g. 
which melted at 67.7 to 68.oo was obtained. The bicarbonate solution 
was acidified and extracted with ether; then the ether was dried and 
evaporated. A white solid (0.3 g.) which remained was recrystallized 
from water and 0.1 g. of material (m.p. 120 to 121.50) was obtained for 
which a mixed melting point with benzoic acid (m.p. 121.5 to 122.1°) 
was found to be 121 to 122°. Therefore, the residue appeared to contain 
about 91 per cent pure biphenyl and 9 per cent chloroallyl benzene. 
On this basis the yield of pure biphenyl in run No. 4 was 80 per cent 
of the theoretical for complete coupling of the Grignard reagent. 
The room temperature reaction which was carried out with part 
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of the Grignard reagent prepared above was carried out b,y allowing 0.171 mole 
of phenylmagnesium bromide to react with 17 ml. (0.186 mole) of 2,3-di-
chloro-1-propene for forty-five hours. The compounds were completely 
mixed; they were then allowed to stand in tap water initially at 15° 
for six hours. During the remainder of the time the reaction vessel 
stayed at room temperature. A large amount of white solid formed 
during the first six hours. 
The reaction miXture was separated as before. The amount of 
material boiling at 95 to l15° at 15 to 18 mm. pressure was 5.1 g. and 
the distillation residue weighed 9.3 g. The amount of pure 2-chloro-3-
phenyl-1-propene obtained was 3.0 g., b:I.o 74 to 77°, ~ 25 1.5309. This 
represented 12 per cent of the theoretical yield based on phenylmagnesium 
bromide. The amount of solid bipheeyl in the residue was 9.3 g. or 
70 per cent. 
Discussion: · From the results obtained it appears that a low 
temperature favors alkylation of phenylmagnesium bromide with 2,3-di-
chloro-1-propene. However, the yield obtained either at room temperature 
or in refiuxing ether was too low to make the reaction useful for ordinary 
syntheses. Fortunately, somewhat better results were obtained with 
benzene or toluene solutions. These experiments will be presented in 
another chapter. 
4. Phenylmagnesium Bromide and 1,3-Dichloro-1-propene 
1-chloro-3-phenyl-1-propene: Method ~.-An alkylation with 
phenylmagnesium bromide (0.463 mole) and 43.2 ml. (0.468 mole), no2o 1.4666*, 
was carried out by a rapid procedure in which the ether solution of the 
Grignard reagent was added slowly to a hot solution of the halide in 200 ml. 
of dr,y toluene. The ether was simultaneously distilled out of the reaction 
mixture through a short Vigreux column and variable reflux stlllhead. 
Shortly after the addition of phenylmagnesium bromide began 
the oil bath for heating rose to 155° and the solution suddenly turned 
pink, then purple, and finally black. The temperature was lowered and 
no more colored material formed. The oil bath was kept at 145° during 
the rest of the addition which lasted ninety-five minutes. No gas was 
evolved. The mixture was decomposed and the toluene solution dried b,y 
washing twice with saturated salt solution, followed by filtration 
through anhydrous magnesium sulfate. On fractionation of the mixture, 
13.5 g. of material with a slight cinnamon odor lTas obtained, ~2 87 to 
93°, I1n 20 1.5373 ~ • This is 19 per cent of the theoretical yield 
of 1-chloro-3-phenyl-1-propene. The residue was a liquid of pleasant 
odor weighing 35.2 g. 
*The Shell Development CompaQy reported the boiling point as 104.1° c. 
and on20 1.469, for this low boiling isomer. 
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Method B: The same alkylation was carried out in toluene solu-
tion b,y the normal procedure in which the solvent for the Grignard 
reagent is changed before the reaction is carried out. 
Phenylmagnesium bromide was prepared in the usual way from OS mole 
of magnesium. The warm solution was decanted through glass wool into a 
500 ml.. three-neck flask with ground joints. The flask was fitted with 
a mercury sealed Hershberg stirrer, dropping funnel and 35 em. Vigreux 
' 
column with a variable reflux stillhead closed with a drying tube. The 
flask was heated with an electrically heated oil bath regulated by a 
capacity controlled relay. The ether was distilled off with the oil 
bath at 90°, then 115°. When the mixture began to thicken and slow the 
stirrer, 100 ml. dry toluene were added slowly while the oil bath was 
gradually raised to 145°. More toluene (50 ml.) was added when dis-
tillation became slow. The oil bath was raised to 160° and the boiling 
point at the stillhead soon reached 90°. Then the oil bath was removed 
and the mi.xture allowed to settle. 
The warm solution was siphoned off of the magnesium bromide into 
a dry graduated cylinder and the solid was washed once with dry toluene. 
The wash solution was siphoned off after the magnesium bromide settled. 
The volume of the combined toluene solutions was 230 ml. This solution 
contained some solid but it was transferred to a 250 ml. separatory 
funnel and an aliquot titrated. The yield of active material was o.425 mole 
after removal of the aliquot. The total yield was 0.435 mole, or 87 per 
cent. 
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A. solution of 40 ml. 1,3-dichloropropene b. 103 to 105° in 5o ml. 
dr,y toluene was heated to 120° in the apparatus described above; then 
the Grignard. solution was added slowly. The mixture turned pink, then 
purple, and finally black, and gas was evolved. This gas fumed in moist 
air, smelled somewhat like hydrogen chloride and was oxidized by alkaline 
permanganate. The oil bath was removed until the mixture cooled somewhat, 
then was replaced and set at 100°. This caused a vigorous reaction on 
addition of a little Grignard solution so the oil bath was removed 
completely and the mixture kept hot by the heat of reaction. The rate 
of addition (2 to 3 drops a second) caused the solution to reflux gently 
on the wall of the flask. No further gas evolution occurred at the 
lower temperature. The addition lasted forty-five minutes and the heat 
effect ceased at the end of the addition. The solid phase was grey 
and the solution light brown at this point. The mixture was allowed 
to stand overnight; then it was tested for the presence of Grignard 
reagent by the Gilman color test (9) and titration (10). Since 13 per 
cent of the initial amount of Grignard reagent remained, 5.5 ml.. of 
1,3-dichloropropene were added. The mixture was warmed briefly on a 
steam bath, then heat liberation became noticeable so a water bath 
was applied. In ten minutes the solution gave a negative Gilman test 
so it was poured onto 500 g. ice and 25 ml.. concentrated hydrochloric 
acid. The toluene solution was separated and the acid solution washed 
twice with ether. The combined ether and toluene solutions were dried 
and fractionated. The material b13 85 to 96° weighed 9.48 g. which is 
14.6 per cent of the theoretical yield of 1-chloro-3-phenylpropene-1 
based on phenylmagnesium bromide. The residue weighed 41 g. 
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Discussion: The yield of 1-chloro-3-phenyl-1-propene was con-
siderably less than the quantitative yield reported b,y Bert (1) but 
the results were similar to those reported by Braun (3). The reason 
for the low yield may be deduced from the large residue obtained in 
each experiment. The residue obtained using mehtod A was vacuum 
distilled with a modified Claisen flask. The following fractions 
were obtained. 
1. bJ.4 ll2-125° 5.5 g. Iln20 1.5626 flame test (+)? 
2. 125-137 5.1 1.5768 (-) 
3. 137-180 8.4 1.5952 (-) 
4. ~2 175-195 9.1 1.5963 (-) 
Residue 7.6 
The name test was carried out with a copper wire and ( +)? 
indicates that an elusive green name was observed, indicating that a 
trace of halogen may have been present. The absence of halogen in the 
high boiling fractions indicates that they may contain cis and trans 
1,3-diphenyl-1-propene as well as biphenyl, since some solid appeared 
in the condenser during the distillation of fractions 2 and 3 • Trans 
1,3-diphenylpropene melts at 51° , ,<b9Us at 159° at 25 nun., while cis 
. ·-: · ,,~ ·· ~
0 1,3-diphenylpropene boils at 178 at 18 mm. pressure. The indices of 
refraction are ~20 1.5689 and 1.5807, respectively (41). 
If an allylic rearrangement (33) occurs during the first alky-
lation step, then the number of possible products is increased. Since 
this experiment was only a preliminar,y one, the investigation was not 
pursued further. 
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5. Phenylma.gnesium Bromide and 2-chloro-3-iod.o-1-propene 
2-chloro-3-iod.o-1-propene: This compound was prepared by the 
exchange reaction between iodide and 2,3-dichloro-1-propene in acetone 
solution (5, 42). A solution of 18.4 ml. (0.2 mole) of dichloropropene 
in 250 ml.. of acetone was heated with a steam bath under a reflux con-
denser with 31 g. of sodium iodide. Most of the salt dissolved; then 
in ten minutes solid started separating. After a half hour of heating 
a large amount of solid had separated and bwnping became severe so the 
reaction was stopped. The sodium chloride was filtered off and washed 
with acetone; then the combined acetone solution was distilled on a 
steam bath until all the acetone was removed. The red liquid residue was 
taken up in ether and washed with water, then with a little dilute 
sodium bisulfite solution, with saturated salt solution, and final.ly 
dried by filtration through anhydrous magnesium sulfate. Alfter removal 1 
of the solvent, the residue distilled completely at 70° at 14 mm. 
pressure. The distillate was red but the vapor was colorless. The 
material obtained weighed 30.9 g., which was 77 per cent of the theoreti-
cal yield. This material was used :imnediately . in the following preparation. 
The result of this preparation was similar to that subsequently reported 
for the similar preparation of allyl iodide (26). 
2-Ghloro-3-phenyl-1-propene: While the preparation above was 
in progress, phenylmagnesium bromide was prepared from 22 ml.. (0.21 mole) 
of bromobenzene in 100 ml.. of ether and 5.2 g. (0.214 mole) of magnesium 
turilings. The solution was decanted into a separatory funnel from which 
it was added slowly to 30 g. (0.15 mole) o:r 2-chloro-3-iodo-1-propene 
in 100 ml.. o:f anhydrous ether. The iodine color in this solution 
disappeared upon addition o:f the :first :few drops o:f phenylma.gnesium 
bromide solution. The reaction was smooth and easily controlled. After 
a reaction time of forty minutes the magnesium halides were extracted 
with a solution o:f 5 g. o:f ammonium chloride in 100 ml.. of water. The 
solution was dried as usual and distilled. The main product was 15.1 g. 
o:f material which boiled at 70 to 75° at 11 mm. pressure. This boiling 
point was only a little higher than that o:f the dihalopropene used; 
however, the product was considered to be 2-chloro-3-phenyl-1-propene 
because the allylic iodide was very lachrymatory while the product 
was not. The yield o:f alkylation product was 65 per cent. The residue 
was 4.3 g. o:f material which solidi:fied upon cooling; therefore, it 
was considered to be crude biphenyl. 
6. Butylma.gnesium Bromide with 2,3-Dichloro-1-propene 
and 3-Bromo-2-chloro-l~propene 
This experiment was carried out to determine whether 2,3-dichloro-
1-propene would cause coupling of aliphatic Grignard reagents to the 
same extent as with phenylmagnesium bromide. A reaction with 3-bromo-2-
chloro-1-propene was included to obtain a comparison between the allylic 
bromide and chloride in the amount of alkylation obtained. 
n-Butylmagnesium Bromide:' The preparation was carried out in the 
usual way £rom 56.3 ml. (0.525 mole) of :freshly distilled n-butyl bromide 
b. 100 to 101° c. in 170 ml. of anhydrous ether and 12.1 g. (0.5 mole) of 
I 
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magnesium turnings. The warm solution after an hour of refluxing was 
decanted into a 250 ml. graduated cylinder. The volwne of solution 
was 190 ml.. This solution was divided between two clean, dry separatory 
funnels, 100 ml. in one and 90 ml.. in the other. These were kept 
tightly stoppered until emptied into the reaction vessels and When the 
additions of Grignard reagents were carried out, air and ether vapor 
from the reaction vessels were allowed to bubble up through the stop-
cocks. This diminished the amount of air oxidation of the butyl-
magnesium bromide. A 5.0 ml. aliquot of the 100 ml. solution was 
decomposed and titrated (10). The butylmagnesium bromide solution was 
2.33 N and the yield was 89 per cent of theory. 
2-Ghloro-1-heptene: Method A: .All.kylation with .3-Bromo-2-chloro-
1-propene 
The 95 ml. portion of butylmagnesium bromide (0.222 mole) was 
added slowly to 34.5 g. (0.222 mole) of 3-bromo-2-chloro-1-propene in 
35 ml. of anhydrous ether in a flask fitted with a reflux condenser. 
A smooth vigorous reaction took place; the rate was controlled b,y the 
rate of addition of the butylma.gnesium bromide. When about two thirds or 
the Grignard reagent had been added, solid began to separate and at the 
end of the addition (three fourths of an hour) there was a nearly solid 
white mass. 
The magnesium bromide was dissolved with a solution of 4 ml. 
concentrated sulfUric acid in 70 ml. of water. The ether solution was 
washed and dried in the usual way; then it was fractionated vd th a 40 em. 
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Widmer column and variable reflux stillhead. A renux ratio of about 
5 to 1 was used. After removal of ether the following fractions were 
obtained. 
Residue 
The first fraction distilled with a steadily increasing boiling 
point until the temperature reached 63°. At this point striations were 
observed in the distillate so the fraction was cut. The components 
of this first fraction could be unchanged 3-bromo-2-chloro-1-propene, 
n_25 1.503, d.25/4 1.61, b 60°; n-octane, nn20 1.399, d.20/4 0.703, 
lJ 90 
b. 125.7°; and a small amount of 2-chloro-1-heptene, ~24 1.4302, 
d.24/4 0.879, b75 71-2° c. (22). A. complete separation was not possible 
With the equipment available so a chemical analysis for one of the 
components was carried out. 
Hydrolysis of an aliquot of this fraction with boiling 1.450 N 
sodium hydroxide for an hour, followed by titration of the base with 
standard acid indicated the presence of 37 per cent of the allyl halide. 
In a previous hydrolysis experiment with pure 3-bromo-2-chloro-1-propene 
the reaction was complete in forty-five minutes and in sixty minutes 
additional 6 per cent removal of the second halogen took place. With an 
allowance for this, the calculated amount of allyl halide in the distillate 
was 35 per cent, or 15.5 per cent of the amount taken for the reaction. 
Since the number of moles of halide and of Grignard reagents were the 
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same, t.he amount of coupling of the Grignard reagent must have been at 
least 30 per cent. All the Grignard reagent was consumed in the reaction. 
The yield of 2-chloro-1-heptene from the al~lation reaction of 
the allyl halide with the butylmagnesium bromide was 31 • .3 per cent of 
theory (fraction No. 2) without correction for recovered allyl halide. 
2-chl.oro-1-heptene: Method B: Al~lation with 2,3-dichloro-1-
propene. The 90 ml. (0.21 mole) portion of butylmagnesium bromide solu-
tion was added slowly to 24.!~ g. (0.22 mole) of 2,3-dichloro-1-propene 
in 25 ml. of anhydrous ether. In this case it was necessary to keep 
the mixture boiling under a reflux condenser 1'd. th a steam bath in order 
to obtain a reaction. The addition lasted an hour and heating was 
continued for another hour at the end of which a large amount of white 
solid was present. This suspension was treated as before and distilled 
with the same column and reflux ratio. The following fractions were 
obtained. 
1. b6o 3Q-33° 
2. b6o 4o-55° 
3. b6o 5'7° to b30 
5'0° 
Residue 
6.2 g. 
5.6 
Iln25 1.1,442 
1.4032 
1.4210 
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.The first fraction was probably 21 3-dichloro-1-propene, nD 1.458 
and n-octane. The ratio calculated from the refractive indices is 
approximately 77 to 23, assuming a linear relation between refractive 
index and composition. The second fraction was probably about 90 per 
cent n-octane with small amounts of allyl halide and 2-chloro-1-heptene. 
The third fraction was probably 2-cr~oro-1-heptene and n-octane in the 
approximate ratio of 7 to 3, calculated from refractive indices. 
The estimated total amount of n-octane obtained from the coupling 
reaction (7.7 g.) was 64 per cent of the theoretical yield for this 
reaction. The estimated amount of 2-chloro-1-heptene (3.9 x .7 • 2.7 g.) 
represents 10 per cent of the theoretical yield for the al~lation 
reaction with no correction for recovered allyl halide. 
Thus it appears that 21 3-dichloro-1-propene is a better reagent 
for coupling aliphatic Grignard reagents than for alkylating them 
(see Chapter I). 
7. Benzylma.gnesium Chloride and 2,3-Dichloro-1-propene 
Bensylma.gnesium chloride was prepared in the same manner as 
phenylmagnesium bromide, using 23 ml. of benzyl chloride (0.20 mole) 
(C.P. grade redistilled) in 100 ml. of anhydrous ether and 4.9 g. (0.20 mole) 
of magnesium turnings. The Grignard reagent was added slowly to 9 ml. 
(0.1 mole) of 2,3-dichloro-1-propene in 50 ml. of anhydrous ether. 
Cautious application of steam heat was necessary to maintain a reaction 
during this addition. The total reaction time was two hours. The 
magnesium halides were extracted with a solution of 8 ml. concentrated 
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hydrochloric acid in 100 ml. water, then the ether solution was washed 
with water, saturated salt solution, and dried by filtration through 
anhydrous magnesium sul.:f'ate. The following fractions were obtained 
upon distillation of the ether solution with a modified Claisen apparatus. 
1. ether b. 36-41° 
2. 1.5 g. b. 96-110° odor of toluene. 
3. 1.4.0 g. 'bnBo-145° part solid when cool. 
4. o.5 g. residue 
Fraction No. 3 was redistilled at atmospheric pressure with a 
small modified Claisen distilling apparatus made in one piece. Air 
was used instead of water in the condenser. 
s. 2.4 g. 
6. 10 g. 
b. 120-250° decolorized alkaline perma.nganate. 
b. 25o-267° m.p. 5o.5 to 51.5; mixed m.p. with 
bibenzYl (m. 51-52°) was 50.7 to 
51.5° c. 
Thus the yield of the coupling reaction was 55 per cent of the 
theoretical amount of bibenzyl based on the amount of benzyl chloride 
taken. The yield of 2-chloro-4-phenyl-1-butene (fraction No. 5) from 
the al~lation reaction was less than 14 per cent of theoretical based 
on the amount of allyl halide used. Because of the poor yield of desired 
material, this reaction was not investigated further. 
8. An Attempt to Prepare Hexesterol Dimethyl Ether 
The relatively good yield in the coupling reaction of Grignard 
reagents caused qy 2,3-dichloro-1-propene suggested the use of this 
compound for the coupling of two moles of the Grignard reagent from 
anethole hydrobromide to form the dimethyl ether of hexestrol {44) • 
Anethole hydrobromide is obtained qy the addition of hydrogen bromide 
to anethole at a temperature below 0° c. (44). This preparation was 
repeated with half the amounts used qy the original authors. Dry ice 
in ethylene glycol monoethyl ether was used for cooling instead of ice 
and salt. 
All attempts to prepare a Grignard reagent from anethole hydro-
bromide in anhydrous ether failed. In fact the compound was somewhat 
similar to 2,3-dichloro-1-propene in that when some of the ether solution 
was added to a test tube in which bromobenzene was reacting with magnesium, 
the reaction was quenched. The same effect was observed when the hydro-
bromide was added to a tube in which t-butyl chloride was reacting with 
magnesiwn. 
Thus, failure to obtain a Grignard reagent made it impossible 
to carry out a coupling reaction. 
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V REACTIONS OF BETA-HALOALLIL HALIDES WITH PHENILMAGNESIUM BROMIDE 
In prelimjnar.y experiments with 2,3-dichloro-1-propene poor 
results were obtained in the alkylation reaction with Grignard reagents 
in ether solutions. Therefore other sol vents were tried as well as 
other beta-haloallyl halides. The majority of these experiments was 
carried out with 2,3-dichloro-1-propene because this was the most easily 
available of the beta-haloallyl halides. When it was found impossible 
to get a good yield with this halide, three other beta-haloallyl halides 
were prepared and tested in the alkylation reaction with phenylmagnesium 
bromide. They were 3-bromo-2-chloro-1-propene, 2,3-dibromo-1-propene, 
and 2-bromo-3-chloro-1-propene. The results of these experiments will 
be reported in the following sections. 
A. Reaction of 2,3-Dichloro-1-propene with Phenylmagnesium Bromide 
1. In Ether: (a) Normal Addition; Preparation of Allene 
Pheny1ma.gnesium bromide was prepared from 82.5 ml. freshly distilled 
bromobenzene in 350 ml. dry ether and 18.2 g. (0.75 mole) magnesium turnings. 
After t~tration of a 10.1 ml. aliquot of the solution, 0.717 mole of 
phenylmagnesium bromide remained for the alkylation. A solution of 66.5 ml. 
(0.73 mole) 2,3-dichloropropene-1 in enough ether to make the volume lOO 'ml. 
was added slowly to the phenylma.gnesium bromide solution. No reaction 
appeared to take place and a steam bath was necessary to maintain refluxing. 
When half the dichloropropene solution had been added (fifteen minutes) 
the addition was stopped and heating continued. In five minutes a vigorous 
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reaction began so the steam bath was removed. This reaction accompanied 
by copious gas evolution lasted for about half an hour and was accompanied 
·by the formation of a large white precipitate. This precipitate was 
mixed magnesium chloride and bromide because a small portion of it pressed 
free of solution in dr,y filter papers dissolved in very dilute nitric 
acid and liberated no organic matter. Qualitative analysis of the 
solution indicated the presence of both chloride and bromide. 
The gas from the reaction was readily oxidized b.Y alkaline per-
manganate which turned green, then brown, and it decolorized bromine 
in carbon tetrachloride. This gas did not give a precipitate with 
ammoniacal silver nitrate and it gave a negative test with mercuric 
chloride-sodium ethoxide reagent (35). When passed through a test tube 
immersed in a dry ice cellosolve mixture, the gas condensed. The colorless 
liquid boiled over the range from -24° to 30° c., the last part being 
ether. The first portion of gas distilled from the condensate burned 
with a very smoky flame. 
Allene was prepared from zinc dust and 2,3-dichloro or dibromo-
propene-1 in 80 per cent ethyl alcohol (31). Its properties, including ' 
odor, were identical with the gas obtained above. when allowance was made 
for the presence of ether. The same ether-allene gas mixture was pre-
pared in good yield by the action of magnesium in ether on 2,3-dibromo-
propene-1 .• 
The reaction mixture containing half the required amount of 2,3-di-
chloro-1-propene was analyzed for phenylmagnesium bromide b,y titration 
of an aliquot. Only 9 per cent of the original Grignard reagent remained. 
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On decomposition of this mixture and removal of the sol vent, the main 
product was biphenyi, m.p. 67 to 69°. 
1. In Ether: (b) Inverse Addition; Effect of Temperature 
This experiment has been described in detail in Chapter IV, 
Section D-3, but for comparison purpo~es the yields are repeated here. 
At the reflux temperature of ether the yield of 3-phenyl-2-chloro-1-
propene, b:I.o 74 to 77°, ~ 25 1.5309, was 9 per cent based on complete 
al~lation. The yield of biphenyl was approximately 85 per cent of 
theory for complete' coupling. At room temperature the corresponding 
yields were 12 and 70 per cent, respectively. 
1. In Ether: (c) With Rapid Stirring 
Since a considerable amount of magnesium halide forms during 
these al~lations it seemed of interest to try the effect of a high 
'speed stirrer on the reaction of 2,3-dichloro-1-propene with phenylmagnesium 
bromide. A Morton high speed stirrer and special flask (28) were used 
to carry out the following alkylation reaction. 
Phenylma.gnesium bromide was prepared in the usual way from 27.5 ml. 
'(0.262 mole) of freshly distilled bromobenzene in 120 ml. of sodium-dried 
ether and 6 g. (0.25 mole) of magnesium turings. A solution of 22.0 ml. 
(0.238 mole) of freshly distilled 2,3-dichloro-1-propene in 100 ml. of 
dry ether was poured into a special 500 ml. flask for high speed stirring. 
The flask was fitted with a 30 em. water cooled spiral reflux condenser, 
dropping funnel and thermometer. The flask was flushed with dry nitrogen 
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which was introduced through the stirrer bearing (28) and the solution 
in it was cooled in ice water to 3° c. With the stirrer speed at an 
estimated 3,000 R.P.M., one third of the phenylmagnesium bromide 
solution was added slowly. Almost no heating effect was noted and the 
brmm color of the Grignard reagent appeared in the flask. The tempera-
ture was allowed to increase slowly by removing the bath. At 15° a 
reaction was evident by an increase in the rate of temperature rise. 
Gas evolution became faster than the nitrogen flow rate. 
The gas was oxidized by alkaline permanganate and in view of -
the earlier experiments it was probably allene. The remainder of the 
addition was carried out in about forty-five minutes with -the tempera-liure 
held between 17 and 20° by intermittent cooling. The mixture was 
allowed to warm to room temperature after the addition was complete; 
then it was decomposed at 15° by slow addition of 150 ml. of 2 N 
sulfuric acid. The ether layer was washed with water and dried over-
night over calcium chloride; then it was concentrated and distilled. 
The solution boiling above 42° with the oil bath at 125° weighed 31.4 g. 
and from it the following fractions were obtained by distillation with 
a modified Claisen apparatus. 
1. 5.3 g. b45 30-80° ether and dichloropropene. 
2. 5.0 g. b26 80-115° crude phenylchloropropene. 
15.3 g. residue--solid 
Some of the forerun was lost because of its high volatility. 
Using the purity factor of 58 per cent obtained in a larger scale 
experiment, the yield of 2-chloro-3-phenyl-1-propene was 2.9 g. or 8 per 
cent. The yield of bippenyl was approximately 80 per cent for complete 
coupling. Therefore, i~ appears that the high speed stirrer was not as 
good as a flask and loose stopper for the al~lation reaction. 
2. In Benzene 
When Grignard reactions do not proceed satisfactorily in ether, 
they can often be forced by operating at a higher temperature in hydro-
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carbon solvents, (6). Therefore the following experiment was carried out. 
Phenylmagnesiurn bromide was prepared from 55 rnl. (0.5 mole) of 
bromobenzene in 100 rnl. of anhydrous ether and 13 g. (0.535 mole) of 
magnesium turnings. Sodi um-dried .benzene (200 rnl.) was placed in a 
500 m.l. three-neck flask with a mercury sealed stirrer, Claisen adapter 
and condenser for downward distillation, and Glas-Gol heating mantle. 
The apparatus was dried by distilling off 55 ml. of the benzene. The 
remAining benzene was cooled and the phenylrnagnesium bromide solution added 
through a separator,y funnel. 
The solvent was distilled until its boiling point reached 74° 
and remained there for fifteen minutes; then a water cooled reflux con-
denser was substituted for the distillation adapter and 40 ml. (0.433 mole) 
of freshly distilled 2,3-dichloro-1-propene in 40 ml. of dry benzene were 
added over a period of twenty minutes to the Grignard reagent. White 
solid formed as soon as the dichloropropene was added, but the reaction 
did not appear to sustain itself without the application of some heat. 
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The mixture was stirred and boiled for forty minutes; then it was cooled 
and the magnesium halides extracted b,y slow addition of a solution of 
10 g. of ammonium chloride in 100 ml. of water. The benzene layer was 
washed with water and dried. b,y shaking with anhydrous calcium chloride 
followed by filtration through anhydrous magnesium sulfate. The dry 
solution was distilled with a 40 em. Widmer column and variable reflux 
stillhead until the boiling point reached 50° at 50 mm. pressure. · Ether 
(33 ml.), intermediate material (25 ml.), benzene (180 ml.) and a small 
amount of benzene and dichloropropene were obtained in this process. 
The residue was vacuum distilled in a modified Claisen distilla-
t i on apparatus (indented side-arm). The following fractions were ob-
tained. 
2 drops plus some material which was not 
condensed. 
2. ~0 67° to 105° 25.5 g. crude 2-chloro-3-phenyl-1-propene. 
Residue 8 g. solid biphenyl. 
The yield of 2-chloro-3-phenyl-1-propene corrected for 58 per 
cent recovery from the crude material was 14.8 g. or 22 per cent. The 
yield of biphenyl was approximately 20 per cent. 
It is evident that a change in solvents for this reaction with 
an increase in temperature caused a better yield from the alkylation 
reaction. Therefore the next step was to try toluene as a solvent and 
a still higher temperature of reaction. 
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3. In Toluene: (a) Stepwise Process 
Phenylmagnesium bromide was prepared from 23 ml.. (0.219 mole) 
o.f bromobenzene in 100 ml.. of dry ether and 5.5 g. (0.226 mole) of 
magnesium turnings. Dry toluene (200 ml.) was added and most of the 
ether . distilled off. Then 100 ml.. more of dry toluene were added and 
the solvent vacuum distilled until the boiling point reached 50° at 
110 mm. pressure. The volume of the solution was made up to 400 ml. with 
dry toluene; then two 10 ml. aliquots of the solution were titrated 
by the usual procedure. The phenylmagnesium bromide solution was 0.508 N 
and the yield was 93 per cent. 
This toluene solution containing 0.193 mole of phenylmagnesium 
bromide in a 500 ml.. separatory funnel was added slowly to 23.5 ml. 
(0.255 mole) of freshly distilled 2,3-dichloro-1-propene in 13 ml. of 
dry toluene. The reaction was carried out in a conical flask fitted with 
a water-cooled West reflux condenser and a double propeller, mercury-
sealed stirrer. Steam heat was applied to the flask with a steam cone 
during the reaction. The addition lasted one and a half hours. Solid 
magnesium halides were extracted with a solution of 4 ml. of concentrated 
sulfuric acid in 90 ml. of water. The toluene solution was washed, dried 
and distilled. · All material boiling above 111° was separated by repeated 
distillations in a one-piece modified Claisen distilling apparatus. 
This small apparatus was used to minimize losses. After ten distillations, 
10.0 g. of 2-chloro-3-phenyl-1-propene, b10 74 to 77°, nn20 1.5309, was 
obtained from 17.3 g. of crude material, ~2 78 to 117°. The recovery 
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of pure material from the crude was therefore 58 per cent. The yield 
of pure material was 34.0 per cent. 
At a later date, 112.0 g. of crude 2-chloro-3-phenyl-l-propene, 
~5 80 to 1200, accumulated from several runs were distilled with a 
40 em. Widmer column and variable reflux stillhead with combined fraction 
cutter. Ice water was circulated through the condenser to prevent loss 
of material under vacuum. The pure 2-chloro-3-phenyl-1-propene, b24 93 
to 93.ao, ~25 1.5293, weighed 64.5 g. and the recovery was 58 _ per cent. 
Therefore, this figure has been used as a conversion factor for individual 
small batches of crude material. 
Zaki (45) prepared 2-chloro-3-phe~l-1-propene and reported the 
boiling point t~ be 105 to 107° at 26 mm. pressure. He also prepared 
the isomeric compound, 2-chloro-1-phenyl-1-propene, and found that the 
boiling point was 16° higher. 
3• In Toluene: (b) Stepwise Process; Function of Temperature 
A solution (400 ml.) of phenylmagnesium bromide in toluene was 
prepared as before from 43 ml. bromobenzene in 200 ml. dry ether and 
10 g. of magnesium turnings. -The final solution was 0.94 Nand the yield 
was 91.5 per cent of theory. Toluene solutions of phenylmagnesium bromide 
were transferred from one vessel to another, while warm, so that solvent 
vapor protected the solution from the air. No loss of material measurable 
b.Y titration was encountered with this procedure. 
One portion of the Grignard reagent (200 ml., 0.188 mole) was 
added slowly to 20 ml. (0.24 mole) of 2,3-dichloro-1-propene in 20 ml. 
of dr,y toluene at the steam bath temperature using the apparatus and 
procedure described in the preceeding experiment. The amount of crude 
2-chloro-3-phenyl-1-propene, ~3 80 to 110°, was 15.4 g. and the 
corrected amount of pure material was 8.9 g. or 31 per cent. The 
distillation residue was a small amount of oil (2.2 g.) with little 
evidence for biphenyl. 
The remaining portion (190 ml., 0.18 mole) of phenylmagnesium 
bromide solution was mixed with 19 ml. (0.206 mole) of 2,3-dichloro-1-
propene in a 500 ml. round bottom flask immersed in a dish of cold 
water. After one hour of occasional shaking, the flask was allowed 
to stand tightly stoppered for sixty-six hours. Some pressure was 
developed in the flask during the process. This could have been allene 
and/or ether vapor since it has been observed that no matter how 
carefully the Grignard reagent solvent was distilled after adding a 
large amount of toluene, more ether was obtained after the Grignard 
reagent had been consumed. 
Upon distillation of the product of this reaction, 10.2 g. of 
crude. 2-chloro-3-phenyl-1-propene, bl4 80 to 120°, was obtained. The 
corrected amount of pure material was 5.9 g., or 21 per cent. This 
lower yield may not be a direct effect of temperature because at the 
lower temperature there was more ether present in the reaction vessel. 
other workers (44) have pointed out that the solvent has an effect on 
a reaction similar to this one. 
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3. In Toluene: (c) Rapid Method 
This procedure suggested by Dr. Walter Gensler consisted in 
addition of an ether solution of the Grignard reagent to a hot toluene 
solution of the allyl halide with simultaneous distillation of the 
ether from the reaction vessel. 
Phenylmagnesium bromide was prepared from 52.9 ml. (0.503 mole) 
of freshly distilled bromobenzene in 224 ml. of sodium-dried ether and 
12.17 g. (0.50 mole) of magnesium turnings. The volume of the warm 
solution was 265 ml. and the concentration of phenylmagnesium bromide 
was 1.84 N. The yield was therefore 97 per cent. 
This solution (255 ml., 0.47 mole) was added slowly to a solution 
of 45 ml. (0.49 mole) of freshly distilled 2,3-dichloro-1-propene in 
197 ml. of dry toluene. This addition was carried out in a 500 ml. 
conical flask fitted with dropping funnel, mercury-sealed stirrer, 
35 em. Vigreux column and variable reflux stillhead. The flask 
was immersed in an oil bath which was kept at 140 to 145° during the 
addition which took forty-five minutes. Some gas was evolved during the 
early part of the reaction. It decolorized alkaline permanganate and 
had the same odor as allene. The reflux rate was adjusted so that the 
temperature at the stillhead was 45 to 52°. Ether continued to distill 
for forty-five minutes after the Grignard reagent had been added. After 
a total of two hours of heating, the mixture was cooled. Upon titration 
of an aliquot no Grignard reagent remained so the magnesium halides were 
dissolved in the usual way with dilute sulfuric acid; then the toluene 
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solution was washed, dried and distilled with a 60 em. vacuum jacketed 
helix packed column. 
The 2-chloro-3-phenyl-1-propene, b
9 
73°, nn20 1.5310, weighed 
24 .3 g. whi ch was 33.6 per cent of the theoretical yield. This is the 
same as the yield obtained by the n1ore difficult stepwise procedure 
described in the preceeding experiments. The semi-solid residue weighed 
24 .9 g. so the amount of bi phenyl formed was less than 36 per cent. 
4. In n-Butyl Ether; Normal and Inverse Addition 
This experiment was carried out to see whether an increased 
yield in the al~lation reaction could be obtained with a high boiling 
ether as a solvent, since a high temperature in benzene or toluene im-
proved the yield of this reaction. 
Phenylmagnesium bromide was prepared from 165 g. (1.05 moles) of 
freshly distilled bromobenzene in 370 ml. n-butyl ether and 24.32 g. 
(1 mole) of ntagnesium turnings at the reflux temperature. Titration 
of an aliquot of the solution after it was decanted into a laree graduat e 
i ndicated that the yield of phenylmagnesium bromide was 0.782 mole, or 
78 per cent. This solution was split in two parts, one for normal and 
one for inverse addition. 
For the normal addition, 240 ml. of the phenylmagnesium bromide 
solution (0.39 mole) was heated to reflux; then freshly distilled 2,3-di-
chloropropene was added slowly. Some reaction appeared to take place as 
much less heat was required to maintain the reflux temperature. Refluxing 
stopped if the halide addition was stopped . When about half the halide had 
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been added, violent eruptions took place, accompanied b.r copious evolution 
of gas and separation of solid. Since the reflux condenser was lifted 
out of the flask and a good part of the mixture sprayed over the bench, 
this reaction was not investigated further. 
The inverse addition was carried out by adding 235 ml. of phenyl-
magnesium bromide solution (0.384 mole) over a period of one and a half 
hours to 42.6 g. (0.384 mole or 35.1 ml.) of freshly distilled 2,3-di-
chloropropene in 5o ml. dry n-butyl ether in a Grignard apparatus. The 
reaction was carried out at the reflux temperature and was controlled 
by the rate of addition of phenylmagnesium bromide. A small amount of 
gas was evolved but it did not decolorize permanganate. Considerable 
air was sucked in when the reaction mixture cooled. The magnesium halides 
were dissolved slowly with 6 per cent sulfuric acid; then the ether layer 
was washed with saturated salt solution and stored over a little calcium 
chloride. 
Fractional distillation was used to separate the mixture, but 
the separation was not quantitative. Approximately 10 g. of benzene 
were obtained as well as 3 to 5 g. of dichloropropene; therefore, the 
reaction could not have been complete. The fraction corresponding to 
2-chloro-3-phenyl-1-propene boiled at 70 to 85° at 9 mrn. pressure and 
weighed 10.1 g.; nn20 was 1.5092. Thus the yield at best was not over 
15 per cent. Higher boiling material, including biphenyl and tars, 
weighed 30 g. 
B. Reaction of 3-Bromo-2-chloro-1-propene with Phenylrnagnesium 
Bromide 
1. In Ethert Normal A'<idition 
Phenylmagnesium bromide was prepared from 23 rnl. (0.22 mole) 
of freshly distilled bron~benzene in 100 ml. dry ether and 5.5 g. (0.226 mole) 
of magnesium turnings. To this solution were added in twenty-five minutes 
32 g. (0.2o6 mole) of 3-bromo-2-chloro-1-propene in 30 ml. of dr.y ether. 
The reaction was smooth but it stopped when about two thirds of the 
halide had been added. Steam heat was applied for an hour after the 
addition; then the mixture was cooled and separated by the usual pro-
cedure. Solvent was removed until the boiling point reached looo, then 
the residue was vacuum distilled in a modified Claisen distilling apparatus. 
Crude 2-chloro-3-phenyl-1-propene, weighing 14.2 g., b38 105 to 135, was 
obtained. The corrected yield of pure material was 8.2 g., or 26 per 
cent. The yield of biphenyl was approximately 6.5 g., or 42 per cent. 
2. In Benzene: Inverse Addition 
The Grignard reagent was prepared with the amounts used above; 
then the solvent was c~~ged to benzene (150 ml.) Q7 removing the ether 
under a partial vacuum. The solution (120 ml.) was found to be 1.70 N 
and the yield of phenylmagnesium bromide was 93.4 per cent. This solution 
(115 ml., 0.195 mole) was added to 30.L g. (0.196 mole) of 3-bromo-2-chloro-
1-propene in 20 ml. of dry benzene in fifteen minutes. The mixture was 
heated on a steam bath for an hour; then it was separated in the usual 
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manner. The crude 2-chloro-3-phenyl-1-propene, b50 100 to 130°, weighed 
16.1 g. The corrected yield of pure material was 9.2 g., or 31 per cent. 
3. In Toluene: (a) Stepwise Process; Normal Addition 
The Grignard reagent was prepared from 35.6 ml. (0.34 mole) of 
freshly distilled bromobenzene in 150 ml. of anhydrous ether and 8.5 g. 
(0.35 mole) of magnesium turnings. The solvent was changed to toluene 
by the procedure already described; then an aliquot of the solution was 
titrated. The concentration of phenylmagnesium bromide was 1.57 N in 
210 ml. and the yield was 95 per cent based on bromobenzene. 
3-Bromo-2-chloro-1-propene (46.5 g. or 0.30 mole) was added to 
205 ml. (0.32 mole) of the Grignard reagent solution at the temperature 
of the steam bath in a boiling flask fitted with a variable reflux 
stillhead which permitted entry of a dropping funnel. The flask was 
shaken by hand and as the reaction proceeded, ether liberated was 
removed, saved, and added to the solution before fractionation. The 
addition of the allyl halide lasted one half hour; then the separatory 
funnel vras rinsed with 8 ml. of dry toluene and the mixture allcmed to 
stand on a hot steam bath for another hour. After separat~ng the mixture 
in the usual way, the toluene solution was separated by fractional 
distillation and the following fractions were obtained. 
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1. 15 ml. (0.12 mole) of ether. 
2. 104.L g. of toluene, b90 45 to 50°, n 25 1.4920. D 
3. 35.0 g. b90 50° to b30 35°, nD25 1.4933, d25 0.935. 
4. 24.2 g. b23 90 to 93.5°, nn25 1.5303. 
Residue 11.7 g. oil. 
Fraction 3 was toluene with 10 to 14 per cent of 2-chloro-3-bromo-
1-propene as determined by index of refraction, density, and hydrolysis. 
Fraction 4 was 2-chloro-3-phenyl-1-propene and the yield was 52.4 per 
cent, based on the amount of allyl halide taken. 
3. In toluene: (b) Rapid procedure 
Phenylmagnesium bromide solution (0.464 mole, 237 ml.) was added 
slowly to 72.6 g. (45.1 ml. or 0.467 mole) of 3-bromo-2-chloro-1-propene 
in 200 ml. of dry toluene in the Grignard apparatus with the oil bath 
temperature at 145 to 155°. Ether distillation stopped fifteen minutes 
after the solutions were completely mixed. A little gas was formed during 
the reaction. The solid phase, magnesium bromide, was a thick crystalline 
mass and stirring was very poor even with the double propel ler going at a 
high rate. The mixture was decomposed, dried, and fractioned i n t he usual 
way. The 2-chl oro-3-phenyl-1-propene, ~l 75 to 82°, ~20 1.5309, weighed 
10.91 g. This was 15.4 per cent of the theoretical yield. The residue 
which was part solid weighed 32.8 g. 
The low yield is probably attributable to the poor stirring which 
was a result of interlacing magnesium bromide crystals. When 2,3-di-
chlora-l-propene was used, the mixed magnesium bromide and chloride crystals were 
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rine granules which did not interrere with the stirrer~ 
c. Reaction of 2,3-Dibromo-1-propene with Phenylmagnesium Bromide 
The reaction was carried out as described above with 0.465 mole 
or phenylmagnesium bromide and 48 ml. (92.5 g~ or 0.465 mole) or rreshly 
. distilled 2,3-dibromopropene-1. Ether stopped distilling as soon as the 
solutions were completely mixed. Very little gas escaped and in this 
case, as with the preparation above, stirring was poor. The mixture 
was treated in the usual way except that dilute hydrochloric acid was 
used. The dry solution was separated by rractional distillation with a 
60 em. helix packed column and the following rractions were obtained 
arter removal of the solvent. 
1. b30 52 to 55°, 26.5 g., nn20 1.5400. 
(2,3-dibromo-1-propene b75 74°, nn20 1.5462.) 
2. b9 41 to 55°, 4.12 g., nn20 1.5430. 
3. b3 45°, 11.5 g., nn
20 1.5228. 
Residue liquid, 49.5 g. 
Fraction No. 3 Which distilled with difficulty, probably because 
the somewhat tarry residue was very high boiling, should be 2-bromo-3-
phenyl-1-propene, ~4 94 to 95° (3). The yield was only 12.5 per cent. 
Lespieau (23) and Braun (3) have studied this reaction in detail, in-
eluding a description or some or the side reactions. Braun obtained a 
maximum yield or 40 per cent. 
D. Reaction of 2-Bromo-.3-chloro-1-propene with Phenylrnagnesium 
Bromide 
The reaction was carried out by the rapid procedure with 0.465 mole 
of phenylmagnesium bromide and 71.2 g. (43.8 ml. or 0.458 mole) of 
3-chloro-2-bromo-1-propene, b6.3 47 to 48° in 200 ml. of dry toluene. 
The ether distilled at 40 to 43° and the oil bath temperature was 1115 to 
150°. Somewhat more allene was obtained than in the two previous 
preparations. This was observed by connecting the exit of the stillhead 
through a drying tube to a bubbler ~aining alkaline permanganate. 
The rate of appearance of manganese dioxide in 5 ml. of solution was 
used for comparison. 
The mixture was extracted, dried and separated by fractional 
distillation as before. The fraction containing 2-bromo-.3-phenyl-1-
propene (bl4 94 to 95° (.3)) was 22.0 g. of material, b12 90 to 95°, 
nn20 1.5563 tJ5.0) which was 24 per cent. The residue weighed 28.4 g. 
a.nd was nearly solid at room temperature. 
Stirring was good in this reaction and it seems unlikely that a 
better yield can be obtained with this procedure. 
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VI REACTIONS OF 2- CHLOR0-3-PrffiNYL-1-PROPENE 
A. Attempted Preparation of Derivatives 
The hydrolysis of 2-chloro-3-phenyl-1-propene to phenylacetone 
cannot be considered as a deri vative test because the isomer 2-chloro-
l-phenyl-1-propene should give the same results. It was hoped that a 
solid derivative could be found for t he allyl benzene derivative which 
could be used for identi fication purposes and possibly also for quanti -
tative estimation. 
The isomeric phenylchloropropenes were characteri zed by Zaki and 
Iskander (45) who used elementary analyses and oxidat ion by ozonolysis 
but their work was discovered at too late a date to be useful, o~~ng to 
the peculiar system of nomenclature used in "Chemical Abstracts." Some 
of the derivative preparations which were attempted without success 
were picrate formation (36), preparation of a dibenzoate, a reaction 
which has been carried out vdth allyl benzene (16), and addition of 
nitrosyl chloride. 
Oxalyl chloride reacts with styrene to form cinnamoyl chloride (38) 
but ;;hen oxalyl chloride* was heated under reflux .for two days with 
2-chloro-3-phenyl-1-propene no reaction occurred. Similarly, when the 
propene deri vative was heated with butadiene in a sealed tube in a steam 
autoclave .for five days, nothing happened; that is, most of the phenyl 
*Generously donated by Dr. Jacob Szmuszkowicz, Converse Memorial Laboratories, 
Harvard University. 
chloropropene was recovered unchanged. 
The formation of phenylacetone combined with the boiling point 
which compared favorably with that found by Zaki and Iskander were 
taken as final evidence for the preparation of 2-chloro-3-phenyl-1-
propene in the appropriate Grignard reactions. 
B. Preparation of Phenylacetone from 2-Ghloro-3-phenyl-1-propene 
Preliminary experiments indicated that phenylacetone could be 
prepared by hydrolysis of 2-chloro-3-phenyl-1-propene ~~th sulfuric 
acid as was expected from previous reports by other workers {13, 39, 
30). Other methods for hydrolysis of a vinyl halogen have been tried 
in this laboratory and elsewhere. Bert {1) hydrolyzed 1-chloro-3-phenyl-
1-propene to the ethoxy derivative with potassium hydroxide pellets in 
absolute alcohol. He had hoped to obtain dihydrocinnamaldehyde. 
In this study boiling,sirupy phosphoric acid and 1 .5 N sodium 
hydroxide were tried. The acid was completel~ without effect and the 
same applied to the base. Stronger base would be expected to remove 
hydrogen chloride (23). It appears probable that sulfuric acid is a 
specific reagent for removing the vinyl halogen and the reaction may 
involve several steps (30). This will be discussed in the following 
chapter . 
The following experiment was carried out to find the effect of 
sulfuric acid concentration on the hydrolysis reaction and to determine 
the purity of the phenylacetone produced by the reaction. The bisulfite 
addition compound was used for purification. 
Experiment.--2-chloro-3-phenyl-1-propene, b9 73°, ~20 1 .5310, 
was used for this experiment. The halide (5.0 g.) was added to 50 g. 
of sulfuric acid in a small beaker immersed in ice water and fitted 
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with a small air stirrer. Three portions of the halj_de were hydrolyzed 
with acid of the following compositions. 1. Baker's C.P. 96 per cent 
sulfuric acid. 2. 96 per cent acid to water: 52 to 8 parts by volume 
(sp. gr.= 1.80). 3. 96 per cent acid to water: 5o to 12 parts by 
volume. Each mixture was stirred for about fifteen minutes in ice 
water; then it was allowed to warm slowly to room temperature while the 
oily material was kept emulsified by hand shaking or by use of the air 
stirrer. Each reaction was carried out until most of the oil appeared 
to be in solution and hydrogen chloride evolution ceased. The solutions 
were all uniformly dark brown at this point and the time required was 
one, two, and three hours respectively for the acid mixtures described. 
Each mixture was poured into 200 ml. of cold water and the re-
sulting suspension subjected to a rapid steam distillation -until 200 ml. 
of distillate were collected. The distillate was extracted with four 
50 ml. portions of ether and the extract was dried over 30 g. of 
anhydrous calcium chloride. The dry solution, including 5o ml. of ether 
used to wash the drying agent, was concentrated in a small tared 
Erlenmeyer flask fitted with a distillation adapter and water cooled 
condenser. The crude phenylacetone samples were weighed and then used 
directly for preparation of the bisulfite addition compound (37). 
Sodium bisulfite reagent was prepared from 100 ml. of 40 per cent 
sodium bisulfite solution and 25 ml. of 95 per cent ethanol. After excess 
~. 
bisulfite had crystallized out, the solution was filtered and stored in 
a tightly stoppered flask. Each crude phenylacetone sample was treated 
as follows. The bisulfite reagent (20 ml.) was added to the phenyl-
acetone and the mixture shaken briefly until solution occurred. Then 
the solution was cooled in water and allowed to stand at room temperature 
while crystallization of the addition compound took place. If crystal-
lization did not start, seed crystals were added. An hour later, the 
solid was filtered in a small Buchner funnel. Some of the reagent (S.o ml.) 
was used to rinse solid out of the flask. The solid was sucked dry, 
washed with S ml. of 95 per cent ethanol and then with 10 to 15 ml. of 
ether. When dry (constant weight) the samples were weighed and de-
composed with dilute sulfuric acid (3.6 N). 
The bisulfite addition compound was shaken fifteen minutes in a 
250 ml. separatory funnel with So ml. of the acid and 100 ml. of ether; 
then the ether layer was separated and the acid washed with So ml. of 
ether. The combined ether solution was dried over anhydrous calcium 
chloride and concentrated in a small (10 ml.) unit still on a steam 
bath. When the ether was all removed the phenylacetone was distilled 
at a reduced pressure. The material b78 141 to 142° was removed from 
the still with a dropper and weighed. 
The procedure for the formation and decomposition of the bisulfite 
addition compound was standardized with 4.0 g. of phenylacetone which 
had previously been purified by the same process. The recovered phenyl-
acetone weighed 2.82 g. which was 70.5 per cent of the material taken. 
Therefore it was assumed that a similar recovery of pure material was 
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obtained with the test batches. The results were as follows. 
Wt. crude 
phenylacetone 
Wt. 
recovered 
Corr. wt. of pure 
phenylacetone 
Hydrolysis yield: 
per cent 
1. 3.80 
2. 3.94 
3. 3.97 
g. 2.28 g. 
2.34 
2.17 
3.26 g. 74 
76 
70.5 
The effect of dilution of the sulfuric acid was apparent in its 
effect on the rate of evolution of hydrogen chloride. This was very 
slow with the dilute acid and in fact the reaction in this case may 
not have been complete because an emulsion rather than a clear solution 
was obtained with the bisulfite reagent before crystallization of the 
solid took place. Thus a choice of acid concentration for the prepara-
tion of phenylacetone at room temperature depends mainly upon the time 
available for the reaction. Heating to speed the reaction has been 
found undesirable in preliminary experiments because of sulfonation of 
the aromatic nucleus. 
SummaEY of Data Obtained in the Reactions of Phenylmagnesium Bromide 
with All;ll Halides 
Alk[lation Product Yield, % Biphenyl, % 
1. Allyl bromide in ethera allyl benzene 
2. Allyl chloride in ether It II 
83 
48 17 
3. 1 1 3-Dichloro-1-propene (law boiling): 1-chloro-3-phenyl-1-propene 
Rapid procedure in toluene 
Stepwise 11 " 11 
4. 2,3-Dichloro-1-propene: 2-chloro-3-phenyl-1-propene 
Inverse addition in ether 
In ether at room temperature 
In ether with rapid stirring 
In benzene with normal addition 
In toluene by the stepwise process at 100° 
In toluene at room temperature 
In toluene by the rapid procedure 
In n-butyl ether by inverse addition 
19 
14.6 
9 
12 
8 
22 
34 
21 
33.6 
15-
5. 3-Bromo-2-chloro-1-propene: 2-chloro-3-phenyl-1-propene 
6. 
In ether by normal addition 
In benzene by inverse addition 
In toluene by the stepwise process 
In toluene by the rapid method 
2-Ghloro-3-iodo-1-propene in ether: II 
7• 2,3-Dibromo-1-propene: 2-bromo-3-phenyl-1-propene 
In toluene by the rapid method 
Yield obtained elsewhere (3) 
26 
31 
52.4 (15.4)b 
(65) 
(12.5) 
.LP 
8. 2-Bromo-3-chloro-1-propene: 2-bromo-3-phenyl-1-propene 
In toluene by the rapid method 24 
85 
70 
80 
20 
42 
14-
a. All reactions were in boiling solvent unless specified otherwise. 
b. Numbers in parentheses were not considered representative for 
experimental reasons. 
( 
I 
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VI SUMMARY OF RESULTS AND DISCUSSION 
The results of the al~lation experiments have been summarized 
in the table on page 63. Several differences in results are worthy of 
comment. 2-Bromo-3-chloro-i-propene gave a poorer yield in the al~la-
tion reaction in toluene and a higher amount of high boiling solid 
material than did 3-bromo-2-chloro-l-propene. The best amount of al~-
lation reaction product obtained in toluene from 2,3-dichloro-1-propene 
was nearly midway between the amounts obtained with the two allyl 
halides above. For this reason it is tempting to suggest that the closer 
the reactivities of the vinyl and allyl halogens the more likely they 
are to both be involved in a reaction with the Grignard reagent. This 
'7. 
applies equally well to the formation of allene and possible al~lation 
at both the allyl and vinyl positions. 
Tiffeneau (40) prepared 1,2-diphenyl-1-propene by the action of 
phenylmagnesium bromide on 1-bromo-2-phenyl-1-propene. Therefore, the 
presence of high boiling material from the reaction of 2,3-dibromo-1-
bromide 
propene in the reaction with phenylmagnesium/is not surprising. Un-
fortunately 2,3-diphenyl-1-propene is similar enough in its physical 
properties (41) to biphenyl to make a separation difficult and the 
presence of this material has not been confirmed. 
While a similarity in the reactivity of the allyl and vinyl 
. 
halogens in 2,3-dihalo-1-propenes caused coupling and other side reactions, 
a large difference in the reactivity of the halogens favors the desired 
alkylation reaction. The reactivity referred to is that of the halogen 
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atom toward a Grignard reagent. The halogens arranged in order of de-
creasing reactivity are iodine, bromine, and chlorine, as is partly 
demonstrated by the reactions of allyl bromide and allyl chloride with 
phenylmagnesium bromide. 
Thus the difference in reactivity of the vinyl and allyl halogens 
in 2,3-dicbloro-1-propene and in 2,3-dibromo-1-propene is not large 
enough to obtain a selective reaction of the allyl halogen. However, 
3-bromo-2-chloro-1-propene and 2-chloro-3-iodo-1-propene do offer 
promise for the preparation of 2-chloro-3-phenyl-1-propene and related 
compounds. The iodo compound was not investigated beyond the preliminary 
experiment first because it has nearly the same boiling point as 
2-chloro-3-phenyl-1-propene, and secondly because it was unstable. 
Future work should include a study of the reactivity of 2-chloro-3-
iodo-1-propene toward phenylmagnesium bromide in toluene solution at 
room temperature or slightly above. 
The mechanism of the Slufuric acid hydrolysis of vinyl chlorides 
has been studied qy Oppenheim (30) who examined the reaction of con-
centrated sulfuric acid with 2-chloropropene . He added freshly distilled 
sulfuric acid to ice cooled 2-chloropropene and observed the evolution 
of hydrogen chloride . Two moles of sulfuric acid were consumed before 
the reaction was complete. The mixture was poured into cold water and 
steam distilled. Acetone was recovered from the distillate. He wrote 
the reaction in the following way. 
2 H SO 9f'03H 
2 4) CH3~-cH3 + 
OS03H 
+ HCl 
Since a vinyl halogen is difficult to displace (11) it seems 
probable that this reaction is a result of the addition of sulfuric 
acid to the double bond followed by either elimination of h~ndrogen 
chloride or displacement of chloride with sulfate. Hydrolysis of the 
bis-bisulfate may be complete only after steam dis·t.illation in the 
case of the phenyl derivative, for in a preliminary experiment on the 
preparation of phenylacetone the steam distillation was omitted. In 
this case the yield of pheUJrlacetone was only So per cent . 
The present study has indicated t hat beta-haloallyl halides 
can be used satisfactorily in the alkylation reaction •vith Grignard 
reagents , provided the halogen atoms have a sufficient difference 
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in reactivity. The halogen in the allyl position must be considerably 
more reactive than that in the vinyl position. The products of this 
type of Grignard alkylation and similarly the products of the reaction 
of a beta-haloallyl halide •vi th sodi um malonic ester and similar 
compounds (39) are useful for the preparation of acetylene derivatives (23) 
and substituted acetones. 
vi 
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1. 
I INTRODUCTION 
Relatively little is kno~n about the rates of synthesis and 
degradation of the various components of the ocular lens although a 
large amount of work has been done on the chemical composition of the 
lens (7) and on chemical reactions in it (8). A component of particular 
interest is the tripeptide, glutathione: 
HOOCCHCH2CH2CONHCHCONHCH2COOH I J 
NH2 CH2SH 
gamma-glutamyl cysteiQYlglycine. 
This tripeptide appears to be important for the maintenance 
of a normal lens because at the incidence of cataract the concentration 
of reduced glutathione (referred to as GSH) decreases (9). The con-
centration decreases steadily as cataracts become more mature, or in 
9ther words, as lens opacity increases. 
The lens in its normal environment is very similar to an organ 
in culture (10) since as seen from figure 6, it is not directly connected 
to the blood stream. Instead, the lens depends on the flow of aqueous 
hunlor for its supply of nutrients and removal of waste products, while 
the body acts as its thermostat. Therefore it is not surprising that 
lenses have been kept in culture~ vitro for many days (5). In this 
work, Bakker studied the effect of ascorbic acid, galactose, and sulphanil-
arr~de on explanted lenses, and he established the value of the in vitro 
technique for lens metabolism studies. 
2. 
Glutathione synthesis has been demonstrated in other body tissues, 
notably the liver using both~!!!£ (49) and~ vitro (15) techniques. 
It was the purpose of this research to attempt a demonstration of gluta-
thione synthesis in intact, normal and cataractous, -rabbit lenses, and 
to find the rate of this synthesis in each case. In order to make this 
study it was necessary to carry out a relatively laree number of explora-
tory experiments. 
First, it was necessary to choose one of the three component 
amino acids of glutathione to label with a tracer atom. Glycine was 
selected because a search of the literature indicated that this was the 
component most easily separated from glutathione and also because a good 
analytical method was available for glycine (18). 
It was necessary to carry out a certain amount of analytical work 
to find the quantitative distribution of glycine between aqueous humor, 
lens cell fluid, glutathione and lens protein. At the same time, experi-
ments were carried out with a new culture technique more suitable for 
tracer work than the relatively cumbersome procedure reported by Bakker. 
Along with development of a culture technique, it was convenient to 
establish certain chemical criteria of lens life. Before experiments 
with radioactive material could be carried out, it was necessary to 
standardize the glutathione-glycine separation and the sample counting 
technique. 
With the groundwork out of the way, it was possible to evaluate 
the rate of synthesis of glutathione in normal lenses, lenses incubated 
in vitro for a week and in lenses with naphthalene cataract. This work 
3. 
will be given in detail in the follovdng portion of this dissertation. 
The results of the experiments bn the synthesis of glutathione 
were only semi-quantitative because of the inherent difficulty in ob-
taining animals which are exactly alike. However, the evidence appears 
good for a decrease in the rate of glutathione synthesis in lenses of 
naphthalene fed rabbits. The incorporation of glycine in glutathione 
was 20 to 40 per cent complete in twenty-four hours in normal lenses, 
while in the lenses of rabbits which had been given large doses of 
naphthalene, the incorporation was only 4 to 17 per cent complete in 
the same time. Two lenses of naphthalene fed rabbits which had sub-
sequently been fed on a normal diet for eight days gave results which 
indicated an incorporation of 20 to 33 per cent in twenty-four hours. 
This may indicate a partial restoration of the glutathione synthesis 
rate even after a lens has become completely opaque. 
The incorporation of carboxyl-labeled glycine in the glutathione 
of lenses which had been incubated in vitro for a week was 20 to 38 per 
--
cent complete in twenty-four hot~s. Therefore, the new culture technique 
which will be descr:i.bed appears to be a good one for the maintenance of 
excised lenses in vitro under near normal conditions. 
A considerable amount of new information on some of the chemistry 
of lens protein was furnished through the kindness of Dr. Ivan Frantz, Jr. 
who carri ed out a starch column separation of the amino acids in a hydro-
lysate of some of the radioactive lens protein obtained in this work. This 
separation procedure has been described recently (40). The results in-
dicate that there is a small amount of glycine in lens protein, a small 
4. 
part of which is radioactive. ~ few of the other amino acids contained 
carbon-14, notably serine which is interesting in view of the recent 
demonstration of the conversion of glycine to serine in rats (45) . These 
results will be discussed in detail at the end of this dissertation. 
5. 
II LITERATURE 
A. Biosynthesis of Glutathione 
With the increased availability of isotopes of the common 
elements since 1946, a great deal of work has been done on biosynthetic 
reactions, including at least three papers on the biosynthesis of gluta-
thione in vitro. The groundwork for the in vitro studies was done by 
- -
Waelsch and Rittenberg (49) in 1941 when they published a paper on ~ !!!£ 
incorporation of N-15 labeled glycine into glutathione in rat and rabbit 
livers. The first demonstration of in vitro incorporation of N-15 
labeled glycine was reported in 1947 by Bloch and Anker (15). They 
incubated rat liver slices in the presence of labeled glycine and a 
small amount of glutathione to serve as a carrier in the subsequent 
isolation of the latter. The glutathione contained appreciable N-15 and 
small, but significant, amounts of N-15 were found in the protein pre-
cipitated by trichloroacetic acid. 
In 1948 the biosynthesis of glutathione in rat liver slices was 
reported by Braunshtein and co-workers (16). They did not use labeled 
amino acids but instead studied the yield of glutathione from liver 
slices fed with the component amino acids. Elimination of glycine or 
glutamic acid from the experimental mixture lowered the J~eld of gluta-
thione, but did not stop the synthesis, while in the absence of cysteine 
no synthesis took place. 
Johnston and Bloch (27) recently reported a study of the synthesis 
of glutathione in cell-free pigeon liver extracts. They showed that 
6. 
certain compounds like adenosine triphosphate are required for the synthesis. 
In view of the high concentration of glutathione in the ocular lens, 
it seems reasonable to expect that the enzyme system for its synthesis may 
be present in the lens. In order to study glutathione synthesis in an in-
tact lens quantitatively, the pertinent analytical methods must be studied. 
B. Analytical Methods 
In a study of the synthesis of glutathione with radioactive isotope 
labeled amino acids, the isolation of this compound is of prime importance 
for radioactivity measurements. In 1929 Hopkins (26) described the iso-
lation of glutathione in considerable detail. The procedure consisted 
in precipitation of glutathione from a yeast extract as a crude mercury 
salt followed by purification as a cuprous salt. Hydrogen sulfide was 
used to remove either mercury or copper from their salts to obtain gluta-
thione in solution. In this paper on the structure of glutathione, 
Hopkins also described its hydrolysis and isolation of the component 
amino acids. Further work on the structure was done by Pirie and Kinhey (43) 
who studied the titration curves of glutathione in water and in formalde-
hyde. They found pK values as follows: -BH 9.62, -NH2 8.66, -GOOH 3.53, 
COOH 2.12. From these figures they attempted to show which were the 
more likely modes of linkage of the three component amino acids. 
The procedure for the isolation of glutathione has been improved 
byWaelsch and Rittenberg (49). Their procedure consisted in isolation 
first as the cadmium salt which is soluble in acid, then in purification 
as t he copper salt as mentioned above. 
A quantitative determination of glutathione in its reduced form 
is conveniently carried out by titration of its reducing power with 
iodate (37). This is a modification of an earlier method which included 
a determination of both oxidized and reduced glutathione (14) . In the 
latter paper Binet and Weller described the isolation of glutat~ione as 
a cadrniwn salt followed by titration •rith iodide and thiosulfate. 
Analytical methods for cysteine in the presence of glutathione 
are not suitable for the chemical separation of the two (42,41) and the 
glutathione isolation process may not completely remove cysteine. Since 
t his separation is necessary in tracer work, cysteine is not a desirable 
component to label with a radioactive atom. While glutamic acid may be 
separated from glutathione in its isolation as the cadmium salt, micro-
det erminations of the former are very complicated (48,17). 
Therefore, glycine was chosen as the most convenient amino acid 
to label with radioactive carbon in a study of glutathione synthesis. 
Fortunately, a good micromethod for glycine determinations has been 
described (1), and a modification of the method is suitable for very 
small amounts of material (18). 
The method consists in oxidation of glycine to formaldehyde, 
carbon dioxide, and ammonia with ninhydrin (triketohydrindene hydrate), 
and simultaneous steam distillation of the formaldehyde from the mixture. 
The formaldehyde is then determined calorimetrically with chromotropic 
acid (1,8-dihydroXJmaphthalene-3,6-disulfonic acid) in sulfuric acid 
solution. The procedure is standardized ~~th determinations of known 
amounts of glycine. 
8. 
In studies with labeled compounds !!:! vitro experiments are much 
more desirable than !!:! !!!£ experiments because of lower losses in the 
former . Therefore, a considerable portion of the work to be described 
was devoted to an evaluation of suitable conditions for ~ vitro experi-
ments with lenses. A desirable feature of all tissue or organ culture 
studies is a measure of the rate of metabolism of the material in question. 
The chief source of energy in the lens appears to be the glycolitic 
cleavage of glucose to lactic acid (11). Therefore, determinations of 
glucose consumption and lactic acid production in lens culture media 
will be of interest as an indication of metabolic rate, and hence, of the 
state of a lens. 
Lactic acid can easily be determined in very small quantities (6). 
After suitable preparation of the solution to remove interfering sub-
stances, the procedure consists in oxidation of the acid to acetaldehyde 
in hot sulfuric acid with a trace of copper. The acetaldehyde is then 
determined calorimetrically by its reaction vdth para-hydroxybiphenyl in 
the sulfuric acid solution. Lithium lactate can be used as a standard. 
Glucose can readily be determined in small quantities by a micro-
adaptation of the Folin-¥fu blood sugar procedure (35). The procedure 
consists in reduction of alkaline copper tartrate by the glucose, then 
development of a color by action of the cuprous oxide on a special phospho-
molybdic acid reagent. This colorimetric procedure is standardized with 
known amounts of glucose. 
After the major portion of the work presented herein was completed, 
a convenient titration method for glucose analysis appeared in the litera-
ture (46). This procedure makes use of potassium ferricyanide, eerie 
cedure will be given in detail in the experimental section. 
D. Counting Technique for Carbon-14 Compounds 
Since carbon-14 is a weak beta-emitter (28) it entails special 
sulfate and a suitable indicator. 
c. Lens Culture Studies 
Bakker appears to have been the only one to conduct successful 
experiments with explanted lenses in vitro (3). Other experimenters 
have not been so successful (24). The technique Bakker used was one of 
perfusion, that is, he allowed a special nutrient solution to flow slowly 
past a lens in a closed vessel in an incubator. The nutrient solution 
was prepared by injecting Ringer's solution (a saline mixture which 
approximates blood plasma in composition) into the abdominal cavity 
of a rabbit, followed by removal of the mixture the next day. Some 
difficulty was encountered in keeping the mixture sterile, but the 
product was claimed to duplicate very nearly the aqueous humor in 
composition. 
This method has the advantage of continual replacement of nu-
trients and removal of poisons as in the eye itself where the steady 
flow of aqueous humor serves this purpose. However, · chemical control 
of the process is difficult because of the large amount of solution 
involved ( 70 ml. per day per lens, minimum) , and because of the tmknown 
contributions of the rabbit. Therefore, the present research included 
development of a modified batch culture technique in which fluid was 
kept in slow motion around the lenses and was changed daily. This pro-
cedure will be given in detail in the experimental section. 
D. Count~ng Technique for Carbon-14 Compounds 
Since carbon-14 is a weak beta-emitter (28) it entails special 
10. 
problems both in measurement (29) and in treatment of the data (30). 
Typical experiments with calculations have been cited by Kamen (31). 
The main problem in working with carbon-14 is self-absorption of the 
weak radiation by the sample itself. This has been adequately discussed 
with correction procedures in the literature cited. 
JL~other problem enters the picture when a thin layer counting 
technique is used. This technique was described by Rogness and co-
workers (25). The procedure discussed is one of evaporation of aliquots 
of solutions containing radioactivity on discs of metal which can be 
placed under a Geiger tube for counting. The problem with this method 
is back-scattering or reflection of radiation. This causes an increased 
counting efficiency, but the effect is dependent upon the atomic number 
of the metal in the disc; therefore, the same metal must always be used 
in a given series of measurements. 
Both the plating method and the method of counting precipitates 
confined to a standard area on a filter paper (2) were used in the work 
described in the following sections of this dissertation. Certain modi-
fications were made in the former technique and they will be discussed 
later. 
ll. 
III ANALYTICAL PROCEDURES AND RESULTS 
The anal~~ical methods which were used throughout the experimental 
work are presented in detail in this first part of the discussion of 
experiments to avoid repetition, since only minor changes were made in 
the procedures during the course of this research. 
A. Extraction of Soluble Constituents Other than Protein in 
Ocular Lenses 
In biochemical work which involves extraction of soluble con-
stituents contained in inter- and intracellular fluids it is desirable 
to use an acid strong enough to coagulate protein and render cell destruction 
easy, but too weak to hydrolyze peptide bonds. Aqueous solutions of 
trichloroacetic acid, phosphotungstic acid, and picric acid, to name a 
few, are useful in this respect. One per cent aqueous picric acid is 
a particularly effective coagulating agent (18) and it does not hydrolyze 
peptide bonds as evidenced by the good stability of glutathione in such 
solutions . Since aqueous picric acid causes the least trouble in glycine 
determinations (18), it was used for all the lens extractions carried out 
in this laboratory. 
The extraction procedure was carried out as follows. The lens 
concerned was weighed on an analytical balance, then was dropped into a 
glass mortar and covered with 6.0 ml. of a 1 per cent picric acid solu-
tion. The lens was broken up and ground to a fine suspension vdth a glass 
pestle, the process requiring at least two minutes for complete coagulation 
of all the soft, stic~ material. The protein suspension was poured into 
12. 
a 115 x 16 mm. plastic centrifuge tube, then the mortar and pestle were 
r insed with 4.0 ml. aqueous picric acid. The mixture in the centrifuge 
tube was shaken up and allowed to stand ten to fifteen minutes to insure 
complete precipitation. Then it was centri fuged for ten minutes at 
3,000 revolutions per minute. The supernatant liquid was decanted into 
a 10 rnl. volumetric flask. The volume of aqueous picric acid necessary 
to dilute the solution to the mark (0.3 to 1.3 ml.) was a measure of the 
voltune of extract lost in the centrifuge tube with the protein, plus a 
very small loss in the mortar. Aliquots of the 10.0 ml. solution were 
taken for the vari.ous analyses performed, but the total amount of a sub-
stance was calculated not on the basis of 10.0 ml. extract, but on the 
basis of 10 x 10 ml., where A was the amount of additional picric 
(IO -A) 
acid necessary to make the solution up to 10 ml. This procedure corrects 
for the fact that the solution lost was somewhat more concentrated than 
the final 10.0 ml. solut ion; a f act which would not be accom1ted for if 
the volume of make-up acid were simply added to the original volume of 
aci used. The deviation between the two methods is 1 per cent if the 
volwne of make-up acid is 1.0 ml . 
Some of the analyses which were carried out 1\'i. th aqueous picric 
acid extracts are described in the two following sections. 
B. Glutathione and Ascorbic Acid Titrations 
Reduced glutathione in a lens extract can be determined from the 
total reducing power of the solution toward iodat,e (37) with a correction 
for ascorbic acid. The sulfhydryl group of cysteine could interfere, 
but t his amino acid is not present in the £ree state in the lens (9) . 
The reducing power titration procedure was as follows . A s oluti on of 
13. 
0 . 001 N iodat,e was prepared from stock 0. 01 N solution and v-ras standardi zed 
by titration with a solution of glutathione in aqueous picric acid con-
tai ni ng 200 micrograms of the £orrner per milliliter . One milliliter 
portions o£ lens extract were titrat ed directly and the blank taken for 
1 per cent aqueous picric acid. Titr ations were carried out in the 
presence of 5 drops of 10 per cent sodium iodide and 1 drop of starch 
solution as an i ndicator. The end point was black and easily reproducible . 
The blank was usually 0 . 05 or 0 . 06 ml . and was subtracted from the total 
volQ~e o£ iodate used in order to det ermine the reducing power . Aqueous 
solutions such as aqueous hunillr or cult ure media were acidified with an 
equal volume of aqueous picric acid, and the blank was det,errnined for 
the same volume of one to one picric acid-water mixture . 
The part o£ the reducing power caused by ascorbic acid was de-
termined by t itrat ion of 1 ml. of aqueous picric acid extract with a 
solution of 25 ml . of sodium 2,6-dichlorobenzeneoneindophenol in 100 ml. 
o£ water (39) . This solution was standardized against £resh solutions 
of ascorbic acid (100 micrograms per milliliter) in aqueous picric acid, 
and in 4 per cent rnetaphosphoric acid . The end point in picric acid was 
orange and was easily seen when a tube containing aqueous picric acid 
was used f or reference . The blank was slightly higher f or the picri c 
acid solutions . 
A set of sample calculations will i l lustrate the methods used . A 
lens weighing 528 mg. was extracted with 10.0 rnl . o£ 1 per c~nt picric 
acid . The loss was made up with 1 . 2 ml . picric acid in a 10. 0 rnl . volumetric 
-
14 .• 
flask. The equivalent volume of lens extract was therefore 100/(10 - 1.2) = 
11.1+ mJ..., the volume which contains all the soluble material in the lens 
at the concentration of the 10.0 ml. of solution obtained. A 1.0 ml. 
uortion of this solution required 0.71 - 0.06 c 0.65 ml. of iodate, 1 ml • 
.. 
of which Tla.S fou..Yld equivalent to 298 micrograms of glutathione. There-
fore, the lens contained 0.65 x 298/1000 x 11.4/l.O • 2.21 mg. of gluta-
thione, but this is not corrected for ascorbic acid. 
The ascorbic acid present required 0.11 - o.o5 = o.o~ ml. of dye 
for 1.0 mJ... of extract. One milliliter of the dye solution was found to 
be equivalent to 83.2 micrograms of ascorbic acid. Therefore, the amount 
of ascorbic acid present was 0.06 x 83.2 x 11.4/1.0 or 57 microgr~ in 
the lens. This represents 57 x 1000 x 100 • 11 ± 1 mg. per cent 
1000 X S2S 
(milligrams per 100 grams) of ascorbic acid. The 1.0 ml. graduated 
pipettes used for these titrations were divided to 0.01 ml. and could 
easily be read to the nearest o.oo5 ml. 
One milligram of ascorbic acid is equivalent to 307.3/169.1 x 2 = 
3.64 mg. of glutathione. The ratio is that of the molecular weights and 
the facotr of two is necessary because one mole of ascorbic acid contains 
two equivalents of reducing power. Therefore, the lens above has ascorbic 
acid equivalent to 57 x 3.64 = 0.21 mg. of glutathione, and the true 
iooo 
amount of glutathione is therefore 2.21 - 0.21 = 2.00 mg., or 2.00/528 
x 1000 x 100 = 380 mg. per cent. 
The results of this and several similar analyses will be summarized 
in a table following the description of the glycine analysis. 
15. 
C. Glzcine Analysis 
The procedure is an adaptation of the one used by H. N. Christensen (1,18) 
at the Children's Hospital Laboratory in Boston. 
Reagents--Picric acid (1 per cent) and 0.75 N sodium hydroxide. 
Ninhydrin, 2 per cent triketohydrindene hydrate (Eastman). 
Phosphate buffer,. pH 5.5, 3.5 gm. K3Po4 in 100 ml. 20 per 
cent KH2P04• 
Concentrated sUlfuric acid, specific gravity 1.84 (auto-
matic dispensing burette). 
Chromotropic acid; 5 per cent 1,8-dihydroxynaphthalene-
3,6-disulfonic acid (Eastman, practical; solution 
keeps one week in glass in refrigerator). 
Analysis--Two milliliters of lens extract (or 1.0 ml. standard 
solution)was placed in the flask of a Stotz all-glass still with 4 glass 
beads. Four drops (or 2 drops) of 0.75 N sodium hydroxide, 1.0 ml. 
phosphate buffer, and 0.3 ml. 2 per cent ninhydrin were added; then the 
mixture was distilled slowly but without interruption until 0.5 ml. re-
mained . The flask was chilled in cold water, then 1.8 ml. (or 2.9 ml.) 
of distilled water were added and the mixture finally distilled to dryness, 
but not baked. The distillation should take ten minutes. The distillate 
in a marked 18 x 150 nun. test tube was diluted to 5 .o ml. with a drop or 
two of water if necessary. Samples may be stored in a refrigerator over-
night at this point. Four milliliters of concentrated sulfuric acid 
were added slowly ( 2 drops per second maximum), while the test tube was 
kept in motion in ice water; then 0.1 ml. chromotropic acid was added and 
mixed with the solution. The test tubes were stoppered with one-hole 
rubber stoppers in which short lengths of 0.5 nun. capillary tubing had 
been inserted. The samples were heated in boiling water for thirty minutes 
16. 
and then they were cooled and the color density meast~ed vdth a photo-
electric colorimeter with a green filter. This filter had a transmittance 
maximum at 532 ~· A blank obtained by omission of the ninhydrin in one 
distillation was set at 100 per cent transmittance before each sample was 
evaluated. In this way, a minor drift in light intensity was compensated. 
The amount of glycine was read from a plot of logarithm intensity versus 
concentration. This is shown in figure 1. 
The data for figure 1 were obtained in the following way. Glycine 
(50.0 mg.) was weighed on an analytical balance and dissolved in 10.0 ml. 
of aqueous picric acid. One milliliter of this solution was diluted to 
10.0 ml., making a solution containing 5oo micrograms per milliliter. 
This solution (2.5 ml.) was diluted to 25 ml. to make a solution containing 
50 micrograms per milliliter. One, two, four, and six milliliter portions 
of this solution were each diluted to 10.0 ml., making solutions containing 
5, 10, 20, and 30 micrograms per milliliter. By taldng either 1 or 2 ml. 
samples, it was possible to carry out analyses with 5, 10, 20, 30, 4o, 
and 50 micrograms of glycine. The transmittance readings were 95.7, 88.2, 
64.2, 47 .0, 33.3, and 26.7 per cent respectively. These are the values 
plotted in figure 1. The position of the curve depends upon the condition 
of the reagents; therefore, it was necessary to include standards with 
each group of analyses. 
In a sample analysis with a lens weighing 528 mg., and a total 
corrected extract volume of 11.4 ml., a 2 ml. aliquot of the extract gave 
a colorimeter reading of 86.8 per cent. Since the curve above was prepared 
within a few days of this analysis, it can be used to determine the amount 
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of glycine; in this case it is 10.7 micrograms. For the whole lens this 
represents 10.7 x 11.4/2 = 61 micrograms, or 61 x 1000 x 100 ~ 12 mg. per 
S2f:f X 1000 
cent. 
The results of this and several similar analyses are summarized in 
the following section. 
D. New Data on Glycine in Rabbit Lenses 
1. Glycine in the Lens Fluids 
Since glycine has not been reported in lenses before (12), analytical 
results for glycine, along with those for ascorbic acid and glutathione, 
are given for the lenses of six albino rabbits about a year and a half old. 
These analytical figures represent soluble material in inter- and intra-
cellular fluids, and do not include any glycine which may be present in the 
protein. The results are summarized in Table I. 
Table I 
Rabbit Lens Lens wt. Ascorbic Acid Glutathione Glycine 
mg. mg. per cent Corr. mg. mg. per cent 
per cent 
1 1 .528 11 380 12 
1 2 .518 9 4l2 11 
2 3 .524 13 402 11 
2 4 .52.5 14 384 13 
3 .5 .506 11 364 11 
3 6 44.5 12 380 13 
4a 7 .532 9 370 .5b 
4a 8 .5.5.5 9 380 8 
.5 9 .570 9 370 7 
.5 10 .596 7 371 7 
6 11c 
.544 .5 406 8 6 12c 
.541 .5 380 10 
18. 
(references to preceding table) 
a. Glycine analyses were also carried out on the aqueous hQmor and 
blood plasma of this rabbit. The aqueous samples gave values of 
2.2 and 2.0 mg. per cent for the two eyes. Values of 9.8 and 9.9 mg. 
per cent were obtained with two plasma samples. 
b. Part of the lens capsule was accidently removed. 
c . The lens protein from these lenses was hydrolyzed for a determina-
tion of glycine in the lens protein. 
2. Glycine in Lens Protein 
A preliminary experiment on the hydrolysis of the protein from the 
lenses of rabbit No. 5 indicated that glycine may be present in the protein. 
Therefore, the lens protein samples from rabbit No. 6 were re-extracted 
with 10.0 ml. of phosphotungstic acid (20 g. sodium tungstate and 16 g. 
disodium phosphate in 100 ml. water; concentrated nitric acid added to 
make acid to bromcresol green) to remove all soluble glycine. Then the 
protein was washed with water. Each protein sample was transferred to 
an eight inch test tube with 7.5 ml. of 6N hydrochloric acid. The tubes 
were closed with one-hole stoppers and the solutions were au·toclaved 
fifteen hours at 17 pounds per square inch steam guage pressure. An aliquot 
of each solution was neutralized to pH 6.1 to 6.3 with concentrated ammonium 
hydroxide. Then an aliquot of this solution was diluted with one or two 
volQmes of aqueous picric acid to cut dmvn the total amino acid concentra-
tion. One or two milliliter aliquots of the diluted solutions were analyzed 
by the procedure above. There was a considerable variation in the analytical 
results of different size aliquots owing to interference by the high concentration 
19. 
of other amino acids ; however, the best results indicate that there was 
50 to 80 mg . per cent of combined or peptide glycine present, based on 
the wet weight of the l enses . 
E. Glucose Analysis 
Glucose consumption by l enses in culture could be easily followed 
with the culture technique adopt ed for t he present studies . The modifi ed 
' Folin~Vu procedure (35) appeared to be the most convenient method available 
when this work was started. Further slight modifications were made in this 
study. Since the analyses were carried out with culture solutions which 
contained little or no prot ein, precipitation of the latter was omitted. 
Reagents--Glucose standard; 1 per cent in saturated aqueous benzoic 
acid (dilute when needed). 
Alkaline copper reagent: (a) to 17.5 g. anhydrous sodium 
carbonate (or 20.5 g. monohydrate) in 100 ml.. water, add 
6.5 g. sodium tartrate and 5.5 g. sodium bicarbonate. 
Add 300 ml. water, dissolve, then dilute to 500 ml. 
(b) 5 per cent copper sulfate pen~drate acidified with 
2 drops concentrated sulfuric acid per 100 ml. 
{c) In a 50 ml.. volumetric flask 5.0 ml. (b) are added to 
25 ml.. (a), then diluted to mark with (a). This solution 
keeps no more than five days in the refrigerator. 
Phosphomolybdic acid: Permanent reagent: 600 g. sodium 
molybdate are dissolved in water and diluted to 2000 ml.; 
then the solution is shaken in a large bottle with o.5 ml. 
bromine and allowed to stand. Later 225 ml. 85 per cent 
phosphoric acid are stirred into 500 ml. of the clear 
supernatant liquid in a 1000 ml. Florence flask. Then 
150 ml. of cool sulfuric acid (1 ml. concentrated acid 
to 3 ml. water) are added and the bromine removed with 
air either immediately, or better, the next day. Fina.lly, 
add 75 ml. 99 per cent acetic acid, mix, and dilute to 
1 liter. 
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Procedure-The culture medium, o.o5 ml. measured with a calibrated micro-
pipette (figure 8) was diluted to 1.0 ml.. with water in a 13 mm. (inside 
diameter) x 150 mm. test tube; then 1.0 ml. of the alkaline copper tartrate 
was added. The samples were gently mixed and heated eight minutes in 
boiling water with the tubes vertical. The tubes were cooled (without 
shaking) in running water; then 1 ml. phosphomolybdic acid was added and 
mixed by gently swirling if necessary. The solutions were allowed to 
stand, for fifteen minutes, and then were diluted to 6.0 ml. with distilled 
water. Colorimeter readings were made no sooner than five minutes after 
mixing and no later than fifteen minutes. The same green filter that 
served for glycine was used. Values were compared with a standard curve 
which is presented in figure 2. The data for this curve were obtained 
by taking 0.1, 0.2, o.4, 0.6, o.B, and 1.0 ml. portions of a stock 100 micro-
gram per milliliter glucose solution for analysis. The transmittance values 
were 87.71 74.8, 55, 39.3, 291 and 20.1 per cent, respectively. Controls 
must be analyzed with each batch of unknowns because the position of the 
curve depends somewhat on the age of the alkaline copper tartrate and on 
other unknown variables. A typical calculation of the hourly glucose 
consumption by a lens in culture is presented to illustrate the method 
used. A lens was cultured for 24.25 hours in 4.0 ml. of solution. Analyses 
of 0.0452 ml. aliquots of the stock solution, and of the used culture, 
indicated that the aliquots contained 77 and 59 micrograms of glucose, 
respectively. Therefore, in the aliquot, 77 - 59 • 18 micrograms were 
consumed and the twenty-four hour average hourly consumption of glucose 
was 18 x 4.0 • 66 micrograms per hour. 
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F. Lactic Acid Anal.yais 
Lactic acid production is a possible alternate for, or supplement 
to, glucose consumption as an indicator of lens metabolism~ vitro. 
Therefore, a convenient microdetermination (6) was altered slightly for 
determinations of lactic acid in samples of used culture media. Protein 
precipitation was unnecessar,y in these solutions. 
Reagents- Calcium :eydroxide ( C .P.) • 
20 per cent and 4 per cent copper sulfate pentanydrate. 
Concentrated sulfuric acid, nitrate free. 
1.5 per cent para-hydro~biphenyl in 5 per cent sodium 
hydroxide (stored no longer than a week). 
Removal of glucose and other interfering substances--To 0.1 ml. 
culture medium and about 1 ml. water in a 15 ml. calibrated centrifuge 
tube was added 1.0 ml. 20 per cent copper sulfate; then the solution 
was diluted to 10.0 ml. and mixed. Solid calcium hydroxide (1 g.) was 
added with a glass scoop known to deliver o.5 g., and was mixed thor-
oughly with the aid of a small glass rod. The samples were allowed to 
stand a half hour (o~ slight settling occurred); then they were centri-
fuged ten minutes at 1700 revolutions per minute. 
Analysis--To a clear 1.0 ml. aliquot of the protein and sugar 
free solution in a 19 x 150 mm. test tube was added 0~ ml. 4 per cent 
copper sulfate, then with vigorous shaking, 6.0 ml. concentrated sulfuric 
acid. The samples were immersed in boiling water for five minutes, and 
cooled in running water. One-tenth ml. para-hydro~biphenyl solution was 
added and suspended in each sample by vigorous shaking. Small test tubes 
render this process difficult. Color was allowed to devel9p for a half 
hour at 30°, then a slight cloudiness was removed by heating ninety seconds 
-22. 
" in boiling water. The samples were cooled to room temperature and the 
per cent transmittance determined against a blank with no lactic acid 
which was set at 100 per cent. The same green filter that served for 
glycine and glucose was used. The lactic acid concentrations were 
evaluated from a standard curve (figure 3). This curve was prepared 
from the analytical results obtained with 0.1, 0.25, 0.5, 0.75, and 1.0 ml.. 
aliquots of' a solution containing 171 mg. per liter of' calcium lactate 
pentahydrate. The hydrate was freshly prepared from C .P. calcium lactate 
by recrystallization from water. The salt was dried overnight in a 
warm room. One gram of lactic acid is equivalent to 1.712 g. of calcium 
lactate pentahydrate. Therefore, the aliquots contained 10, 25, 50, 
75, and 100 micrograms of lactic acid. The colorimeter readings were:: 
10 micrograms, 88, 90 per cent; 25 micrograms, 75.8, 75.8 per cent; 
50 micrograms, 59, 58.4 per cent; 75 micrograms, 46.3, 47.5 per cent; 
and for 100 micrograms, 36, 36.2 per cent transmittance. These are the 
figures plotted in figure 3. Calculations of results are similar to 
those of the glucose analyses. 
The data obtained from the many glucose and lactic acid analyses 
performed throughout the work will be presented with the descriptions 
of the in vitro lens incubation experiments. 
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IV MAINTENANCE OF LIFE IN EXCISED LENSES 
This chapter is devoted to a descritpion of the culture technique 
devised for this study and some of the results obtained with it. While 
Bakker's _!!! vitro technique for lens culture has given good results (3), 
it was not considered suitable for incubation experiments with radio-
active tracers. A batch process which would maintain normal metabolism 
of lenses for twelve to twenty-four hours was more desirable for reasons 
cited earlier. Previous attempts to carry out batch processes have not 
been successful (24). The new process which was used successfully is 
described below. 
A. .&pParatus and Incubation Technique 
1. Culture Tubes 
Bakker found that a flow of nutrient solution past a lens was 
desirable for _!!: ~ experiments. In a batch process a slow fluid 
motion can be easily achieved b.r a lengthwise rocking motien of a hori-
zontal tube closed at the ends. Thus, the bul~ of the fluid passes the 
center twice during each complete cycle. The fluid velocity varies during 
the cycle, but the maximum velocit.y is proportional to the frequency of 
oscillation. With these facts in mind, the tube illustrated in figure 4 
was constructed. This tube was swung to and fro about an axis perpendi-
cular to the plane of the tube and crossing this plane at a point 11 em. 
(the length of a single burette clamp) above the pit which holds the lens. 
The angle of the bend in the tube at the lens pit was matched to the maximum 
angle of rotation of the rocker shaft so that the lens remained covered 
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'With fl.uid throughout the compl.ete cycle. A synchronous motor geared 
down to two revol.utions per minute was on hand so this was used to drive 
the crank which caused the angular oscil.l.ation of the rocker shaft. The 
device converted was a Burrel.l. shaker model k, supplied b,y the Burrel.l. 
Technical Supply Company of Pittsburgh, Pennsylvania. 
The auxilliary equipment, some or all of which was used in various 
culture experiments, is illustrated in figure 5. The bubbler following 
the reducing valve was used to saturate the air carbon dioxide mixture 
with water at the same vapor pressure as exerted by the culture medium. 
Sodium chloride solution (0.9 per cent) was used for this purpose. 
Following the bubbler the gas flow to each culture tube was proportioned 
by orifices. After several preliminary trials the orifices finally found 
most convenient were 14 mm. lengths of o.o5 mm. (inside diameter) marine 
barometer tubing wired tightly in the bore of each rubber delivery tube 
20 mm. inside from one end. Theoretically, the bubbler should follow 
the orifice because of the drop in vapor pressure of water across the 
l.atter. However, the effect would be compensated for by using a more 
dilute salt solution. No difficulty with excess evaporation of culture 
media was encountered in any of the experiments with the arrangement illus-
trated. 
On the exhaust side, the gas sampler was included so that an aliquot 
of the combined exhaust gas could be sampled for radioactivity by precipi-
tation of carbon dioxide with barium hydroxide. (The exhaust manifold and 
attachments were only used in experiments with labeled glycine.) The potassium 
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:hydroxide traps were 250 ml.. sintered disc · gas washing bottles, one "With 
a fine porosity, and one with a medium porosity disc. They contained a 
total of 300 ml. of 10 per cent potassium hydroxide solution. The final 
bubbler contained barium hydroxide soluti on which served to check the 
efficiency of the alkali traps during a twenty-four hour run. No pre-
cipitate was obtained in this solution in any of the tracer experiments 
performed. 
2. Removal of Lenses under Sterile Conditions 
The procedure of Bakker (4) was used and is as follows: The eyes 
were removed from freshly killed rabbits (air embolism or broken neck) 
and all muscle tissue and blood vessels were trimmed off. ~es were 
stored in 0.9 per cent salt solution if necessary, but for no more than 
an hour. Each eye was bathed with "cognac colored" iodine solution in 
alcohol; then it was placed cornea down on a dish-shaped tube mounted in 
a board. This tube was made by sucking in the end of a 22 mm. bulb which 
was blown on the end of a short length (12 em.) of 10 mm. P,yrex tubing. 
A cross shaped incision was made starting at the optic nerve (figure 6), 
the ends of the cross extending to within 1 or 2 mm. of the clear cornea. 
Scissors and forceps for the operation were kept in alcohol and flamed 
briefly before use. The four segments of sclera were folded down over 
the edge of the bawl. Zonular fibers were cut at the edge of the lens 
with small scissors, rotating the tube as cutting proceeded. During this 
procedure most of the vitreous humor slid off of the lens. The lens was 
transferred to a sterile culture tube (figure 4) with a sterile loop de-
signed for the purpose. 
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3. Incubation Procedure 
* Each lens was incubated with 4.0 ml. or a sterile culture medium 
(below) in a water bath at 37° while the tube was rocked at 2 cycles per 
minute, and a slow (about 1 bubble per second) flow of 5 per cent carbon 
dioxide in air passed through the tube. Fine capillary orifices proportioned 
the now between tubes • Test substances when used were fed in a sterile 
solution of such a concentration that 0.1 ml. delivered from a sterile 
hypodermic needle, or micropipette, was sufficient for each application. 
These solutions (~cine, c.ysteine, etc.) were sterilized b,y filtration 
through a sterile sintered glass ultra filter, or by sterilization o:f 
the solid and addition of sterile water as in the case o:f labeled glycine. 
4. Culture Mediurn 
This solution, a modified Krebs-Henseleit bicarbonate buffered 
mixture (21) which closely approximates normal aqueous humor in composition 
was made up as follows: (Separate stock solutions or each compound were 
stored in a refrigerator.) 
Sodium chloride•••••••••••••••••99 ml. 
Potassium chloride•••••••••••••• 4 ml. 
Calcium chloride••••••••••~••••• 2 ml. 
Magnesium sulfate••••••••••••••• 1 ml. 
Potassium dihydrogen phosphate •• 1 ml. 
Glucose••••••••••••••••••••••••• 2 ml. 
Sodium bicarbonate••••••••••••••21 ml. 
0.90% 
1.15% 
1.22% 
3.82% 
2.11% 
10. % 
1.3 % 
*This volume supplied enough buffer to take care of the lactic acid produced 
b,y a lens in twnety-four hours without significant pH change. It is also 
the approximate daily flow rate or aqueous humor through the rabbit eye 
round b,y Dr. V. E. Kinsey. 
The solution of all but the bicarbonate was sterilized in a 250 ml. 
Erlenmeyer flask fitted with cotton-plugged gas inlet tube, and a cotton-
plugged 15 mm. exit tube l'lhich permitted entry of 4 ml. pipettes and 
flaming after use. The bicarbonate was sterilized in a similarly fitted 
125 ml. flask which permitted entry of sterile pipettes. After steriliza-
tion in a steam autoclave, the bicarbonate was saturated with carbon 
dioxide and then 21 ml.. of the solution transferred to the culture flask 
with sterile 10 and 1 ml. pipettes (fitted with cotton plugs). 
The solutions were stored in the same flasks in the refrigerator 
after the external ends of the gas inlet tubes were closed with short 
lengths of rubber tubing and plugs; the large filling tubes were plugged 
with rubber stoppers which were flamed (but not burned) each time the 
vessels were opened. The gas inlet tubes were bent at a 45° angle so that 
the cotton filters were not burned when the filler tubes were flamed. 
The culture mediwn was changed by removal with a sterile 5 ml. 
pipette and siphon tube. Fresh culture solution was added immediately. 
Cu~ture tubes and storage flask were flamed over a centimeter length at 
the opening after removal and before insertion of the appropriate plugs. 
In some of the late experiments the culture medium containing any 
test compounds was filtered through a Berkefeld (porous ceramic) filter 
into a 250 ml. Florence flask. The bicarbonate saturated with carbon 
dioxide was filtered last. A rubber stopper with glass rod handle was 
used to close the flask. All culture solutions were kept in the refrigerator. 
The bicarbonate buffered culture solution was adopted after making 
preliminary tests with phosphate buffered mixtures. The phosphate buffered 
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mixture failed on two counts. First, the buffering capacity was too 
limited, that is, a large amount or buffer was necessary to handle the 
rather high lactic acid production or a lens. Secondly, it was found 
nearly impossible to keep enough calcium in the phosphate buffered solu-
tions to satisfy the requirement of a lens. Since the normal buffer in 
the aqueous humor is bicarbonate, bicarbonate buffered mixtures were used 
in spite of the necessity for maintaining a 5 per cent carbon dioxide air 
atmosphere. The phosphate buffered mixtures were investigated mainly as 
an attempt to avoid using a gas mixture other than the laboratory air. 
B. Preliminary Culture Experiments 
Several preliminar,y incubation experiments were necessary to 
ascertain the value of the method for studies with labeled glycine. The 
first experiment was a long term incubation with glucose as the sole 
nutrient, carried out to see whether the batch process could be used for 
an extended period of time. The results of this experiment indicated the 
desirability of including amino acids in the culture medium. Accordingly, 
another extended incubation experiment was carried out with casein hydrolysate 
as well as glucose in the medium. 
Both the above experiments were followed b,y the daily average lactic 
acid production and glucose consumption. When these chemical tests are 
used as the main criterion of life of excised lenses the question naturally 
arises as to whether or not the glycolytic enz.yme systems will continue 
functioning after a lens is dead, as in a mature cataract when the internal 
lens cell structure is largely destroyed. Therefore, a third preliminar.y 
incubation experiment was carried out with lenses which had been repeatedly 
frozen and thawed so that they were dead in the sense that their internal 
cell structure was destroyed. This experiment gave information on the 
nature of some of the enzyme systems present in the lens. 
Another series of preliminary experiments which was actually carried 
out before the work mentioned above, was designed to find out whether or 
not glycine incorporation in glutathione could be demonstrated without 
using labeled material. These experiments completed the preliminar.y work. 
The results of these experiments and those above will be discussed at the 
end of this section. 
1. Fifteen-Day Experiment with Glucose as the Sole Nutrient 
The purpose of this experiment was to determine the effect of time 
on the appearance, lactic acid production and glucose consumption of excised 
rabbit lenses ,!!! vitro with glucose alone as the nutrient. The procedure 
has already been described. Sterile conditions were maintained throughout 
the experiment even though the culture medium for each lens was changed 
daily. Sterility was checked at the seventh and fifteenth day of the experi-
ment b,y putting a drop of each used culture solution in meat broth and in 
Sabouraud•s culture. These were incubated for an appropriate time to 
test for bacteria and fungi, respectively.* 
The rates of lactic acid production and glucose consumption are 
summarized in Table IIa. In Table IIb a summar,y of the analytical data for 
the lenses at the end of the experiment is presented. 
*These tests were performed· by Miss Anita Mangiaracina of the Bacteriology 
Laboratory of the Mass~chusetts Eye and Ear Infirmar,y. 
Table IIa 
Lactic A~id Production and Glucose Consumption in Micrograms per Hour 
Day Hours Lactic Acid Glucose 
Lens 1 Lens 2 Lens 1 Lens 2 
1 23 • .5 1.53? 123 122 119 
2 26 • .5 9.5 82 110 123 
3 23.75 88 67 123 106 
4 24 73 .59 112 96 
5 24.25 96 71 66 51 
6 21.67 92 6.5 69 4.5 
7 27 80 61 72 55 
8 16.5 82 63 7.5 .53 
9 2.5 62 59 67 57 
10 23..5 61 .51 68 .53 
11 23.5 60 .53 64 4.5 
12 26 6.5 52 .51 41 
13 23.84 69 .5o 66 48 
14 21 67 .55 63 .5o 
15 26.2 51 47 
Table IIb 
Analytical Data 
Lens" Weight, mg. Ascorbic Acid Glutathione Glycine 
1 
2 
510 
.515 
_ mg.% mg_.% nw.% 
0 128 28 
0 114 25 
30. 
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The drops in the glucose consumption of both lenses between the 
fourth and fifth days may be caused by loss of some factor vital to the 
glycolytic enzyme system, but it is impossible to draw any definite 
conclusions at this time. It should be noticed that the ascorbic acid 
normally present in a rabbit lens (Table I) was missing from these lenses. 
Bakker (4) reported that it was not lost until after the tenth day in his 
experiments. Evidently, if the glucose consumption is to be maintained 
at its initial high rate, other factors must be included in the nutrient 
mixture. Both lenses were normal in appearance at the end of the fifteen 
days, except for a slight peripheral opacity. 
2. 11Arnigen" as a Supplement for Lens Culture 
In the above-described culture experiment, the lens metabolic 
activity decreased considerably during the experiment. Therefore, it 
appeared desirable to feed amino acids as well as glucose to lenses in 
culture. For this purpose a sterile solution was prepared from 25 ml. 
of 10 per cent Amigen b.1 dissolving in it 1.25 g. ascorbic acid and 
60 mg. glycine. Amigen is a pancreatic hydrolysate of casein supplied 
by Mead Johnson and Company of Evansville, Indiana. Glycine was added to 
supplement a deficiency in casein relative to aqueous humor. 
The culture experiment was carried out as before with the glucose 
medium. For the test lens, the Amigen solution was added with a micro-
pipette just after the culture was changed each day. The micropipette 
delivered 25.8 ~ 0.4 mg. of water. The amount of Andgen solution delivered 
made the total amino acid concentration for the culture medium approximately 
32. 
the same as published figures (33) for the amino acid concentration in 
horse and ox aqueous humor (64 mg. per cent). 
The metabolic activity of two lenses from a normal, young rabbit 
can be followed from the results swmnarized in Table IIIa. These data 
are also presented graphically in figure 7. 
The analytical data obtained from the lenses at the termination 
of the experiment are summarized in Table IIIb. 
Table IIIa 
Glucose Consumption and Lactic Acid Production with Amigen Supplement 
Day Time 
(hrs.] 
1 23.75 
2 24.08 
3 23.42 
4 24.16 
5 21.83 
6 26.16 
7 22.7 
Glucose Consumed r /hi:. Lactic Acid Produced Y' jhr. 
Amigen Control Amigen 
130 130 136 
no, 121 110, 107 128, 123 
98 110 102 
117 117 ll3 
89, 93 105, 101 93, 101 
85, 78 91, 98 90, 93 
86 120 99 
Duplicate values were determined o~ 
where they are indicated. 
Control 
143, 135 
86 
85 
80 
92 
80, 81 
87 
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Table IIIb 
Analytical Data 
Lens Weight Glycine Ascorbic* Glutathione 
mg. mg.% mg.% (uncorr.) 
Amigen 454.5 32 21.3 ~~ 
Control 468 45 lO.h 185 
*Values may be high because of ageing of the dye used 
for the titrations. 
At the termination of the experiment the Amigen fed lens was 
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normal except for a slight opacity on the bottom surface where the lens 
rested in the culture tube. The control lens was opaque at its periphery 
to the same degree as the fifteen~ culture lenses in a former experi-
ment. Note that while both lenses still underwent a decrease in metabolic 
rate, the glutathione is much nearer normal (380 mg. per cent) in the lens 
fed with amino acids. The high soluble glycine coupled with the low gluta-
thione in the control lens indicates that proteolytic en~e action is 
predominant. 
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3. Incubation of Frozen Lenses 
In an early experiment a pair of lenses was repeatedly frozen 
in the freezer compartment of a refrigerator, and thawed at room tempera-
ture. This was done three times; the~ the lenses were cultured in a 
glucose culture medium. All the reducing power of the lenses was lost 
in this process, and part of the protein was in the culture media. This 
was demonstrated by a strong_. light scattering effect with a beam of light 
and by a relatively large precipitate with aqueous picric acid. No glucose 
was consumed by these lenses but some lactic acid was produced. A fairly 
large amount of glycine was present in the culture media, but little in 
the lenses. Since the results of this experiment were interesting, but 
not conclusive, the following experiment was carried out. 
Experiment--Four lenses were removed from the eyes o£ two rabbits 
under sterile conditions and placed in two weighing bottles. One lens 
from each rabbit was used as a control while the other two lenses were 
used for an incubation experiment. All four lenses were frozen in the 
refrigerator and thawed three times at room temperature. This process 
caused the appearance o£ vacuoles in the lenses around the junction o£ 
the nucleus and cortex (figure 6). The two test lenses were incubated 
for three days in a glucose culture medium and the used media were ~zed 
for glucose, lactic acid, and glycine. The four lenses were extracted as 
usual and analyzed £or ascorbic acid, glycine, and glutathione. 
The fluorescene of the lenses was followed during the experiment 
with an ultraviolet lamp. 
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Results--The normal blue fluorescence of the lenses was retained 
after the freezing and thawing process, but the two test lenses lost 
all their fluorescent material along with a great deal of soluble protein, 
both of which were present in the culture mediwn removed after the first 
twenty-four hours. 
The analytical data for the four lenses are presented in Table IVa, 
while the analyses of the culture media are B'lUilma.rized in Table IVb. 
Lenses A and B were the controls, and C and D were the test lenses. 
Lens 
A 
B 
c 
D 
Table IVa 
Frozen Lens Analytical Data 
(Values are in milligrams per cent) 
Weight, mg. Ascorbic Acid Glutathione, Glycine 
624 0 349 10.8 
543 0 325 10.5 
763 0 0 0.7 
698 0 0 0.8 
Table IVb 
Analysis o:f Used Culture Solutions 
(Values are :for total content in micrograms) 
Glycine Lactic Acid Glucose Consumed 
Day Time, hrs. Lens C Lens D Lens C Lens D Lens C Lens D 
1 28 99 93 1080 2250 0 1100 
2 20 44 50 480 560 0 0 
3 22.5 8 12 0 160 0 0 
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4. An kttempt to Demonstrate Glutathione Synthesis without 
the Use of Labeled Glycine 
From Table I it should be noted that the concentration of extractable 
glycine in a rabbit lens is five times the concentration found in the aqueous 
humor. This indicates that glycine must enter the lens with the aid of 
some energy yielding process rather than b,y diffusion alone. This concentra-
tion difference between glycine in a lens and its surrounding medium was 
further demonstrated b,y the following experiment. 
A pair of lenses was incubated for twenty hours in a glucose culture 
medium. One lens was fed enough glycine to make the concentration in the 
solution 15 mg. per cent. The control lens received glucose alone. After 
the twenty hours the test lens contained 47 mg. per cent glycine, while 
the control had only 12.4 mg. per cent. The glycine culture medium had 
6.8 mg. per cent of glycine left, while 15 per cent of the glycine was 
unaccounted for. The glutathione values were 398 and 384 mg. per cent 
for the control and test lens, respectively. 
Since a lens will concentrate glycine one might expect that cysteine 
and glutamic acid might be treated similarly. If this -is so and if the 
glutathione synthesis rate depends upon the concentrations of c.ysteine and 
glutamic acid, then it should be possible to demonstrate glutathione 
synthesis. An increased concentration of c.ysteine and glutamic acid might 
cause increased glutathi~ne synthesis at the expense of the extractable 
glycine in the lens. Accordingly, the following experiment was carried out. 
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§xperiment--Four lenses were placed in culture tubes in a glucose 
culture medium b.r the usual procedure. Two of the lenses, one from each 
rabbit, were fed three 0.1 ml. aliquots of a sterile solution of 61.5 mg. 
1-cysteine hydrochloride (Lemke) and 59.0 mg. of C.P. 1(+)-glutamic acid 
dissolved in 10 ml. of 0.9 per cent salt solution. These aliquots were 
fed at three-hour intervals because in a test experiment the reducing 
power of cysteine disappeared in two to three hours in the modified 
Krebs-Henseleit solution at 37° c. The final concentration of each of 
the two amino acids should have been 42 mg. per cent in the culture 
solutions for the test lenses. 
The results of the experiment are given in Table v. Lenses numbered 
1 and 3 were the controls. 
Table V 
Effect of Feeding Cysteine and Glutamic Acid on 
Lens Glycine Concentration 
(Analytical values are in mg. per cent) 
Lens Weight, mg. Glycine Glutathione 
lC 560 10 385 
2T 565 11.5 367 
3C 518 11.8 354 
4T . 541 10.9 396 
From this table it can be seen that there was no signi£icant 
change in the extractable glycine concentration in the twenty-one 
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hours duration of this experiment. It is interesting to note that the 
test lenses became opaque on one surface in the £irst three hours, while 
the control lenses remained clear throughout the exper iment. 
c. Discussion of the Procedure and Results of Preliminary Experiments 
The culture technique developed in this laboratory has proven 
satisf actory for multiple incubation experiments with excised lenses 
under easily controlled conditions. With glucose alone as a nutrient, 
t he lens metaboli sm is normal £or only a day or so; then the rate dropped _ 
somewhat. This could be attributed to a slow loss of some factor vital 
to the glycolytic enzyme system which carries out the oxidation of 
glucose. Whatever the cause of this metabolic decrease, the effect is 
not serious in experiments of a day's duration. For experiments of longer 
duration the casein hydrolysate as a supplement helped in maintaining 
glutathione, but did not eliminate completely the drop in lactic acid 
production. While a further study of the effect on lens metabolj_sm of 
various compounds necessary for cell metabolism would be most interesting, 
it was considered to be beyond the scope of this study on glutathione 
synthesis. 
The experiments with frozen lenses were interesting in several 
respects. In the first place, the lactic acid produced was more than 
anticipated from the known amount of lactic acid and glucose present in 
cattle lenses (11). The difference was a factor of three, but it may be 
due simply to the difference between rabbits and cattle. In the second 
place, the glucose consumption was not maintained for any length of time 
after the lens cell structure was destroyed. Thus, the glycolytic enzyme 
system is destroyed when the reducing power of the lens is lost. There-
fore, glucose consumption appeared to be a good criterion of the state 
of a lens in culture. Lactic acid production appeared to be a somewhat 
less sensitive indicator of the state of a lens since this production 
did not stop immediately with loss of reducing power and destruction 
of the cells. 
The failure to obtain any change in extractable glycine in lenses 
incubated with an excess of cysteine and glutamic acid is taken as an 
indication that the rates of synthesis and destruction of glutathione 
are independent of the concentration of the constituent amino acids. 
Ftlrthermore, it indicates the necessity for the use of labeled amino 
acids in a stuqy of the rate of synthesis of glutathione. Therefore, 
the remainder of the research was devoted to studies on glutathione 
synthesis with labeled glycine. 
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V STANDARDIZATION OF THE PROCEDURE FOR THE MEASUREMENT OF RADIOACTIVITY 
The incubation of a lens with carbon-14 labeled glycine and the 
subsequent separation of extractable glycine from glutathione made it 
necessary to count radioactivity, under a wide variety of conditions. 
It is possible to detect carboxyl-labeled glycine in various fractions 
by means of ninhydrin since, as pointed out earlier, this reagent removes 
the carboxyl carbon as carbon dioxide. Furthermore, only free alpha 
amino carboxyl compounds are oxidized by the ninhydrin, so glutathione 
would not interfere appreciably (19) • The carbon-lh in carbon dioxide 
is readily determined by precipitation as barium carbonate and filtration 
of the carbonate on a standard area filter (2). However, it would be 
relatively difficult to convert the carboxyl groups in glutathione to 
carbon dioxide quantitatively. An alternate route for counting the 
radioactivity in glutathione would be to precipitate the copper salt and 
count this after filtration with a standard area filter. This process in 
turn suffers from the disadvantage that it is not very sensitive because 
of the high molecular weight of the compound. It would also be difficult 
to standardize the procedure to find the counting efficiencr.y with copper 
glutathione as compared to barium carbonate, since the former is very hygro-
scopic. 
An alternate procedure to that above would be to count radioactivity 
in solutions by direct plating (25). This method is best for solutions 
containing a relatively small amount of dissolved solids. However, if 
inorganic salts are present, the self absorption can readily be standardized 
qy plating solutions containing a known amount of radioactivity, along 
with the salts. This is the method which will be described in the 
following sections. 
A. The Separation of Glycine and Glutathione 
The procedure was essentially that described b,yWaelsch and 
Rittenberg (49) in which glutathione was precipitated as the cadmium 
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salt, then as the copper salt. After some trial experiments, the following 
procedure was adopted. 
Carrier glutathione was added to 5.0 ml. portions of lens extracts 
to facilitate the recovery of radioactive glutathione. This was done cy 
adding 39.2 microliters of a l.o5 ·ml. solution containing 153 mg. of gluta-
thione in aqueous picric acid. A constriction micropipette was used for 
the purpose (figure 8). To precipitate cadmium glutathione the 5.0 ml. 
of solution containing 5.8 mg. or more of glutathione were placed in a 
15 ml. graduated centrifuge tube and the following reagents were added 
rapidly in order with thorough mixing: sodium hydroxide (0.6 N) until 
neutral (0.3 to 0.4 ml.); 1.25 ml. 6 per cent cadmium chloride; 1.0 ml. 
of 1 M sodium bicarbonate; and finally 0.1 to 0.2 ml. of o.6 N sodium 
hydroxide. The solution was allowed to stand one hour in the refrigerator; 
then the precipitate was centrifuged and washed three or four times ~th 
5 ml. portions of distilled water. The precipitate was dissolved in 0.4 ml. 
of 2 N sulfuric acid, and the solution was diluted with 2.5 ml. of 0.5 N 
sulfuric acid to make the final volume 3.0 ml. In most cases aliquots of 
this solution were plated for direct counts. 
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Then a cuprous oxide suspension was added which was prepared as 
follows: Benedict's solution (0.36 ml. containing 4.33 g. copper per 
liter) and 0.22 ml. 1 per cent glucose solution were heated in a centrifuge 
tube for eight minutes in boiling water. The suspension was cooled slowly 
and centrifuged. The cuprous oxide was washed twice w.i. th 5 ml. portions 
of distilled water and then suspended in 1 ml. of distilled water. All 
of this suspension was added dropwise with a drawn-out medicine dropper 
to the acid solution containing glutathione. After several minutes when 
precipitation appeared complete, the precipitate was filtered on a dry, 
weighed filter paper (Whatman No. 42). The solid was dried overnight at 
room temperature on the filter described below, counted if radioactive, 
and then dried to constant weight at 80° C. (one and a half hours) • The 
precipitate is hygroscopic and must be weighed rapidly. The recovery of 
each of three test san~les was 73 per cent, 73 per cent, and 70 per cent, 
based on the titration values for similar original glutathione solutions. 
B. Construction of a Standard Area Filter for Radioactive Precipitates 
The standard area filter constructed for part of the work described 
in this dissertation was a modification of the design suggested by Tarver (38). 
This modified design is in commercial production by Tracerlab, Inc. of 
Boston, at a relatively high price. 
A stock Corning 30 mm. coarse Pyrex sintered glass Buchner funnel 
was cut flush with the top of the sintered disc and rough-ground on the 
Macalaster Bicknell Company abrasive belt. The upper surface of the sintered 
disc was polished flat by hand grinding. This was done with rouge on a piece 
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of plate glass. For a precipitate retainer a 45 mm. length of 22 mm. 
Pyrex tubing was hand ground on one end to make it flat, using fine 
carborundum and plate glass. Filter papers were 30 rmn. in diameter (What-
man No. 42) cut with a 6 x 6 mm. tab for numbering. The inside diameter 
of the retaining ring was 1.94 em. and therefore the area of precipitate 
confined ·b.r this ring was 2.95 square centimeters. 
In operation the filter funnel was mounted in a small suction flask 
connected via a three-way stopcock to a trap and a water ptimp. A wet 
filter paper was centered on the sintered disc; then the flat edge of the 
retaining ring was centered on the filter paper. The ring was held in 
place with a rubber band held in turn by a copper wire loop and hook made 
by twisting a length of copper wire on itself, first to make a loop around 
two rubber bands, then around the stem of the altered Buchner funnel and 
finally around itself again to leave a stiff pigtail which was shaped into 
a hook. The rubber band extended across the middle of the top opening 
of the retaining ring, but this caused no trouble when suspensions were 
poured into the filter. With thick precipitates care was necessary when 
the ring was lifted as any lateral motion was likely to break off part of 
the precipitate. The filter papers were mounted while wet on brass discs 
and the edge held down by a brass ring. Then they were allowed to dr,y 
before counting. The ring and disc sets were constructed by Tracerlab, Inc. 
of Boston. This standard area filter was only used for a few trial experi-
ments; then it was given up in favor of the direct plating method which is 
described in the following section. 
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c. kModified Direct Plating Technique for Counting Carbon-14 
1. Technique 
The procedure described by Rogness and co-workers (25) was cumbersome 
and involved a certain amount of special equipment. The direct plating 
technique for counting samples is .an efficient one because under proper 
conditions the self absorption b,y the sample is negligible, and back 
scattering causes an increase in the number of beta particles reaching 
the counter. Rogness found that back scattering is a function only of 
the atomic weight of the metal in the disc or planchet. Copper oxide and 
copper act the same as reflectors of beta particles. This is important 
because it is necessary to oxidize the surface of copper discs to facilitate 
the spreading of aqueous solutions. On the other hand, an unoxidized 
copper surface is satisfactory for solutions in organic solvents (23). 
In this work a greatly simplified version of the plating technique 
described b,y Rogness was used. Clean one-inch diameter copper discs 
(Tracerlab, Inc.) were oxidized in a Bunsen flame until the film was a 
blue grey color in reflected·light. When cool, the discs had a grey pink 
color. Black discs were discarded because aqueous solutions were apt to 
run over the edge. Aliquots of solutions were carefully delivered on the 
center of the discs with a calibrated 25.8 cu.mm. micropipette, and qy 
tapping the discs, the solution was spread to an area of 1 ± 0.25 square 
centimeters. Some difficulty was encountered with the particular micro-
pipette as it did not always deliver cleanly. In later work a special 
calibrated micropipette attached to a syringe was used (figure 8). This 
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allowed the use of larger aliquots of solutions of low activity and low 
solid content. The outside of this syring-micropipette was coated with 
Dow-corning silicone stopcock grease to prevent wetting. The tip was 
used to spread the solution over a uniform area of about 2 square centi-
meters on the center of the copper planchets. 
Samples were counted by placing the flat copper planchets in aluminum 
mounting rings which in turn were placed in the top slide position of a 
Tracerlab SC-9~ shielded sample-changer containing a Tracerlab TGC-2 
Geiger-Mthler tube with a mica window thickness of 1.69 mg. per square 
centimeter. With this equipment -the samples were 2.5 to 3 11Dll. from the 
tube window. The scaler circuit and power supply were provided by a 
Tracerlab "Autoscaler" of an early vintage, with a Tracerlab "6411 scaler 
substituted during periods of repair work on the former. The cackground 
count wi-&h this equipment was usually 19 to 21 counts per minute. 
< 2. Carbon-14 Carboxyl-Labeled Glycine 
The labeled glycine was prepared by Dr. Robert Loftfield of the 
Medical Laborator.y of the Huntington Memorial Hospital of Harvard University. 
lie has described the procedure for -the preparation from barium carbonate 
in detail (36). Barium carbonate was purchased from the United States 
Atomic Energy Commission. The specific activity of carbon-14 in the carbonate 
was 2.5 per cent-, and 1.25 per cent in the carboxyl carbon of the glycine. 
The glycine contained about 1 millicurie of carbon-14 per millimol. 
J. Standardization of the Radioactivity Measurements 
When small aliquots of the various solutions encountered in the 
glycine and glutathione separation described in Part A of this chapter 
are plated on copper discs, varying amounts of inorganic salts are ob-
tained. Since the bulk of the solid in these solutions is independent 
of the nature of the lens lVhich was extracted, if the same volumes and 
concentrations of the separation reagents are used each time, the amount 
of solid deposited from a given aliquot will always be the same. Thus, 
in d~aling with culture solutions, aqueous picric acid extracts, super-
natant liquid from the cadmium glutathione precipitations, and finally 
acid solutions of the cadmium glutathione, there should always be the 
same amount of solid in a given aliquot. Therefore, it is simpler to 
plate aliquots of each solution with a lmO'\m amount of radioactivity and 
determine the counting efficienqy rather than make detailed calculations 
of the sample thicknesses and self absorption corrections. 
Experiment-A_ lens weighing 568 mg. was extracted by the usual 
procedure with a total of 11 ml. of aqueous picric acid (1 per cent). 
A 5 ml. portion of this extract was reinforced with carrier glutathione 
and subjected to the separation procedure described in Part A of this 
chapter. Note that the supernatant liquid from the precipitation of 
cadmium glutathione contains the extractable glycine plus a small amount 
of glutathione which may not be precipitated. This amounted to 5 per cent 
or less in some trial experiments in which the acid solution of cadmium 
glutathione was titrated. The acid solution of the cadmium salt contained 
48. 
over 95 .per cent o£ the glutathione, and none o£ the glycine because in 
a test, it was found that no appreciable radioactivity was found in the 
wash water after the second thorough washing of the cadmium carbonate-
cadmium glutathione precipitate. 
The labeled glycine (3.1 mg.) was sterilized in a plastic centri-
fuge tube; then 1.0 ml. of sterile water was added. This solution was 
kept frozen in the refrigerator. k diluted solution was made up from 
25.8 microliters of this solution in 1.5 ml. of water. Then 102.9 micro-
liters of this solution were added to each of the following solutions with 
the syring-micropipette. 
:-·· 
No. 0 Distilled water. 
1. Stock culture solution containing glucose. 
2. Aqueous picric acid lens extract. 
3. Supernatant liquid from the cadmium glutathione 
precipitate. 
4. Acid solution of cadmium glutathione. 
5. Lens protein suspension in the third water wash. 
Three different size samples were plated in duplicate for each 
solution. They were 25.8 microliters delivered from the constriction 
pipette, 34.3 microliters (5 divisions) and 68.6 microliters (10 divisions) 
£rom the syring-micropipette. The samples were dried in moving air with 
a relative humidity of 44 to 45 per cent, and counted after standing beside 
the counter for fifteen to twenty minutes. A total of 4096 counts were 
recorded for each sample. The background of 0.3 counts per second was 
disregarded because of the relatively high counting rate, and because ratios 
of counts were used in the calculations rather than actual counts. The results 
obtained are given in Table VI. 
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Table VI 
Counting Efficiency Factors 
Solution Volwne Time for 4096 Counts Count Ratios Effici ency 
No. Micro- Seconds Factor 
liters (a) (b) 
0 25.8 354 338 0.75-D.76 
34.3 269 265 1.00 1.00 
68.6 137 136.5 1.98-1.94 
1 25.8 443 457 0.73-0.76 
34.3 337.6 331.7 1.00 0.80 
68.6 171.2 193 1.71-2.00 
2 25.8 369 384.3 0.76-0.74 
34.3 282 281.6 1.00 0.95 
68.6 157.6 156.7 1.70-1.69 
3 25.8 460.5 428 0.71-0.78 
34.3 329 333 1.00 0.81 
68.6 186 186 1.77-1.79 
4 25.8 6o6 613 o.67-o.68 
34.3 4ll 410.5 1.00 0.65 
68.6 239 213 1. 72-1.93 
25.8 403.6 380 0.72-0.67 
34.3 275 268 1.00 0.98 
68.6 139 143.5 1.87-1.98 
5o. 
The volume ratios are 0.753:1.00:2.00 for the three samples. De-
viations from this ratio in the count ratios are due to self absorption 
b,y the samples. The 25.8 mg. samples were plated on 1 square centimeter, 
while the larger volume samples were plated on 2 square centimeters. The 
reason for this is that the tip of the constriction pipette cannot be used 
for spreading the samples. Delivery must be made with the tip above the 
discs without touching them if reproducible results are to be obtained. 
On the other hand, the tip of the syring-micropipette was useful for 
spreading samples. Thus, the 34.3 microliter samples have the thinnest 
layer of solid and therefore these were used for reference and for calcu-
lation of the efficiency factors. The efficiency factor for the cadmium 
glutathione solution is low because there is a large amount of cadmium 
sulfate in the solution. This comes from the cadmium carbonate which is 
precipitated with cadmium glutathione • . 
Treatment of lens protein--A protein suspension was included among 
the list of liquids standardized for the following reasons. In experiments 
with labeled material the lens protein was extracted twice with 10 ml. 
portions of aqueous picric acid. The mortar and pestle were used both 
times. Following this, the protein samples were washed several times with 
water in the centrifuge tubes, using a glass rod to break up all the lumps. 
With this extraction process no radioactivity could be detected in the 
second water wash. At this point in early experiments the protein was 
counted by filtering aliquots of a suspension in water with the standard 
area filter. However, at the same time it was found that reproducible 
counts could be obtained with plated aliquots of protein suspension delivered 
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:from the constriction micropipette. Since the latter method makes it easy 
to standardize protein counts on the same basis as the solution counts, 
it was adopted for the work. The syringe-micropipette was not well suited 
for protein counts because of the fine tip, but the constriction micro-
pipette was adequate and therefore was used for all the protein counts • 
.., 
4. Calculation of the Radioactivity in a Sample 
The method of calculation of the total number of counts in a given 
fraction was essentially the same for all solutions. For an illustration, 
consider the calculation of the activity in glutathione for lens No. 2 in 
the third tracer experiment. In this case, three 25.8 microliter aliquots 
of a 3.0 ml. acid solution of the cadmium glutathione were plated for 
counting. The counts recorded were 1736/16 minutes, 2336/22 minutes, 
and 2256/21 minutes, using the "64" scaler. The samples were close enough 
in their counting rates so that a weighted average was unnecessary. The 
average rate was 107.5 counts/minute; the background rate on that day was 
20.5 counts/minute. Therefore, the net average rate was 87 counts/minute 
for the glutathione in the aliquot. The efficiencr,y factor for this sample 
was low (0.65) and the rate corrected for self absorption is therefore 
87/.65 • 134 counts/minute. 
This is the counting rate for a 25.8 microliter aliquot of a 3.0 ml. 
solution which in turn was obtained from 5.0 ml. of a lens extract with 
a total corrected volume of 11.0 ml. Therefore, the total activity in the 
glutathione from this lens, assuming lOO per cent recovery in the cadmium 
salt solution, is 134 x 3.0/.0258 x ll.0/5.0 = 3.41 x 104 counts/minute. 
The second correction ratio of course only applies to the aliquots of the 
acid glutathione solution, and to the supernatant liquid from the cadmium 
salt precipitation. In the other cases, aliquots were taken from the total 
bulk of solution. The results of calculations identical with those pre-
sented here will be summarized in tables with each tracer experiment in 
the following chapters. 
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VI IN VITRO INCORPORATION OF CARBON-14 FROM CARBOXYL-LABELED GLYCINE IN 
GLUTATHIONE AND THE PROTEINS OF NORMAL RABBIT LENSES 
~. Rate of Synthesis of Glutathione 
A preliminary experiment indicated that a fairly large turnover 
of glycine in glutathione takes place in twenty-four hours when a normal 
lens is incubated with carboxyl-labeled glycine. Therefore, experiments 
were conducted at different time intervals to find the half-life for the 
turnover process. A. total of three experiments was performed for this 
purpose, and they are reported in the following sections. 
1. Incorporation of Carbon-14 from Carboxyl-Labeled Glycine 
into Glutathione 
Experiment~- twenty-four hour incubation experiment was carried 
out with two norm81 rabbit lenses in the modified Krebs-Henseleit medium 
containing glucose and 360,000 to 390,000 counts per minute of carboxyl-
labeled glycine. The latter was fed in 25.8 microliter aliquots of the 
sterile solution containing 3.1 mg. of labeled glycine in 1.0 ml. of 
water. Exhaust air carbon dioxide from the culture tubes was passed 
through two potassium hydroxide traps. 
At the end of the twenty-four hour period the lenses were removed 
from the culture medium and dried quickly with filter paper before they 
were weighed. Filter papers used for this purpose along with planchets 
and other contaminated materials were disposed of in a special bottle 
for radioactive waste. The lenses were ground and extracted as usual; all 
· liquid waste including cleaning solution was discarded in another special 
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bottle to be discarded at sea. Protein counts in this experiment were 
made on aliquots of aqueous suspensions on copper planchets. This was 
done to have protein counts and solution counts on a comparable basis. 
No trouble was encountered in getting uniform suspensions, as shown by 
the good agreement between duplicate samples. Protein and cadmium 
glutathione-cadmium carbonate precipitates were washed until an aliquot 
of wash water showed no activity. This required one 10 ml. picric acid 
wash (with mortar and pestle) and three 10 ml. water washes (stirring rod) 
for the protein, and three 5 ml. water washes for the cadmium precipitate. 
Solution activities were all evaluated from 25.8 microliter aliquots 
of solution spread over an area of o.B to 1.2 square centimeters on oxi-
dized copper discs, using the procedure alreaqy described. The results 
are summarized in Table VII. 
To simplify the tables in which the activities of the various 
fractions obtained in these tracer experiments are summarized, the following 
abbreviations will be used. 
a. ~' will designate the 4.0 ml. of culture solution in which 
a lens was placed. 
b. ~' refers to the 4 ml. of cu.Lt.ure obtained at the termination 
of each lens incubation period. 
c. Extract, refers to the total lens extract. 
d. Free, is the activit,y found in the supernatant liquid after 
-
hypothetical precipitation of all the glutathione in a lens. 
This should consist mainly in the extractable glycine present 
in the lens. 
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e. GSH, is the activity found in the acid solution of cadmium 
glutathione corrected to include the total amount in a lens. 
f. Protein, refers to the activity determined by plating aliquots 
of 10.5 w~. protein suspensions in water after thorough washing. 
g. E£2, indicates activity which escaped in the gas stream because 
of decarboxylation. 
Table VIla 
c14 Distribution in Experiment T-1 
(25.8 microliter aliquots) 
Sample Av. Counts Samples Total Counts/Minute x 10-4 
Per Aliquot Counted Lens 1 Lens 2 
Fed 3072 
Left 2048 
Extr. 2048 
Free 512 
GSH 1024 
Protein 512 
C02 
2 
3 
1 
2 
2 
1 
36.0 
15.0 
18.8 
7.0 
1·9 
2.1 
(0.9) 
39.6 
10.9 
22.L. 
9.8 
10.!~ 
2.2 
(4.1) 
Values in parentheses were estimated. 
Table VIIb 
Incorporation of c14 in Glutathione 
Lens 1 
Incubation time, hrs. 24 
Weight of lens, mg. 419 
GSH glycine, micrograms 400 
Glycine fed, micrograms 80 
Free glycine,micrograms (40) 
Total glycine pool, micrograms520 
Per cent of pool glycine 
in GSH 77 
Per cent activity in GSH 25 
Per cent incorporation 33 
Lens 2 
24 
427 
400 
80 
(40) 
5~0 
77 
32 
42 
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2. Discussion of the Method of Treatment of the Data 
With Table VII for reference, a discussion of the calculations 
and reasoning behind them will be presented. These calculations apply 
to all the experiments conducted in this study with carbo.xyl-labeled 
glycine. The method for treatment of counting data to get the total 
counts in a solution based on an infinitely thin layer of solid on a 
one-inch copper planchet has already been discussed. The number of counts 
recorded are tabulated to give an estimate of the precision of the radio-
activity measurements. When the counting rate is twice background or 
more, the probable error is roughly 100/ N where N is the number of 
counts recorded (20). A:ll the connting rates involved in the calculation 
of glutathione turnover were well over twice background, but were not 
high enough so that the coincidence loss was high. 
Agreement on a standard method for treatment of the statistical 
II 
error in assays by Geiger-Muller tube counting is poor (32,20). In this 
study a uniform policy was adopted which consisted of counting each sample 
which played a major part in the calculation of a turnover rate long 
enough to keep the probable error down to 3 per cent (20,47). In later 
experiments duplicate determinations were made on all solutions to furt her 
reduce the chance of recording a count far from the true value. If the 
two counts were far apart, more samples were counted to reduce the error. 
It must be pointed out here that the largest deviation in this work 
with rabbit lenses is in the rabbits themselves. This will be evident 
when more of the results have been presented. Therefore, it is fruitless 
to make extended counts in one experiment alone; instead, it would be far 
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better to do many experiments. This was unnecessar.y for the present study 
however, since only a semi-quantitative turnover rat e was desired. 
The calculation of the turnover rate for glycine carbon-14 in glu-
tathione was made on the basis of the following assumptions. 
a. Diffusion is not a limiting factor. This assumption is made 
on the basis of the observat ion that glycine is imbibed b.Y a lens against 
a concentration gradient at a fair~ rapid rate. This has been discussed 
in Section B-4 of Chapter IV. 
b. Any exchange of labeled glycine with glycine in protein could 
be neglected because of the small amount of the latter, and the probable 
slow rat e of the reaction (49). 
c. Carbon-14 incorporated in protein, or lost in carbon dioxide, 
was unavailable to participate in incorporation in glutathione. 
d. Incorporation of carbon-14 in glutathione took place only in 
the glycine carboxyl. Justification for this assumption lies in the very 
high activity reached experimentally in glutathione compared to that in 
protein. In experiments of longer duration, say three days or more, this 
condition probably would not apply. This will be evident later from work 
done by Dr. Frantz. 
The use of these assumptions should be evident in the sample 
calculations for lens No. 1 which follow. The glycine pool throughout 
which the labeled material can distribute itself consists in 400 micrograms 
in glutathione, 40 micrograms of extractable material in the lens (see Table I), 
and the 80 micrograms of labeled material fed. Whetl1er this last material 
is all imbibed into the lens or not should make little difference as long 
as glycine exchange through the surface of the lens is fairly rapid. At 
isotopic exchange equilibrium, 400/520 x 100 z 77 per cent of the carbon-14 
available for exchange could be in glutathione. The carbon-14 available 
for exchange in glutathione in lens No. 1 is 36- (2.1 + 2.2), or 31.7 x 
104 counts per minute (assumption c.). Therefore, the fraction of activity 
in the glycine carboxyl in glutathione was 7•9/32.7 x 100 = 25 per cent. 
Thus, the exchange was 25/77 x 100 • 32.5 per cent of the equilibrium 
value, or in other words, the incorporation of glycine in glutathione was 
33 per cent complete in twenty-four hours. This turnover rate, along with 
other values calculated in a similar fashion, will be presented in a 
summary in the discussion chapter vmich will follow at the end of this 
dissertation. 
3. Incorporation of Carbon-14 from Carboxyl-Labeled Glycine 
into Glutathione as a Function of Time 
Another experiment similar to the one described above was carried 
out with four normal lenses from two rabbits. One from each rabbit was 
incubated twelve hours, while the other pair was incubated about twenty-
four hours. This time an attempt was made to follow the production of 
radioactive carbon dioxide b,y means of the by-pass bubbler shown in figure5. 
With 10 ml. of saturated barium hydroxide in the bubbler, the two side-arms 
were opened and the by-pass closed for a measured interval (3.0 or 4.0 minutes), 
measured with a stop watch. The barium carbonate was filtered on the standard 
area filter and counted; then it was dried and weighed. Several such samples 
were taken during the incubation. From the average weight of the samples, 
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assuming that the large volume of air carbon dioxide is not measurably 
enri ched by carbon dioxide from the culture mixtures, the flow rate for 
the four lenses was calculated to be 780 ml. of gas per hour at standard 
conditions. 
The barium carbonate sample counts were corrected for self absorp-
tion (30), and an average value obtained for the total activity lost as 
carbon dioxide in the experiment. From the difference in the rate for the 
first and the last twelve hours, the amount of decarboxylation could be 
judged for the lenses in each time group. 
Actual estimates of the amount of activity lost in carbon dioxide 
were made on the basis of the difference between the lens extract plus 
used culture plus protein, and the amount fed, as well as on the basis of 
the calculated total loss measured with the b,y-pass bubbler and in the 
potassium hydroxide. In these first two experiments labeled carbonate 
was determined in the alkali absorbers b.1 precipitation of aliquots of 
the potassitun hydroxide solutions with barium hydroxide. The precipitate 
was centrifuged, washed with boiled distilled water, suspended in the same 
and filtered on the standard area filter and counted. The total counts 
corrected for self absorption agreed fairly well with the total estimated 
loss of carbon-14 in carbon dioxide, but were on the low side. This is 
probably due to the lack of back scattering from the samples mounted on 
filter paper. Because of this unknown factor, carbon dioxide values used 
in the calculations were the estimated values. The results of this second 
tracer experiment are summarized in Table VIII. 
Table VIlla 
ell~ Distribution in Experiment T-2 
(25.8 microliter aliquots) 
Sample Counts/Aliquot Samples Total Counts/Minute x 10-4 
Counted Lens 1 Lens 2 Lens 3 Lens 4 
Fed 4096 2 38.5 39.4 39.5 
Left 5ooo 2 10.1 18.0 22.0 
Extr. 3800 2 18.6 16.1~ 12.0 
Free 4000 1 10 • .5 10.3 7.5 
GSH 2800 2 4.7 4.1 2.7 
Protein 2000 2 2.6 1.4 o.8 
co2 (7 .2) (3.6) (4.7) 
Table VIIIb 
Incorporation of c14 in Glutathione 
Lens 1 Lens 2 Lens 3 
Incubation time, hrs. 24.3 11.6 11.75 
Weight of lens, mg. 369 394 430 
GSH glycine, micrograms 300 380 380 
Glycine fed, micrograms 80 80 80 
Free glycine,micrograms (40) (40) (40) 
Total glycine pool,micrograms 420 500 5oo 
Per cent of pool glycine in 
GSH 71 76 76 
Per cent of activity in GSH 15 11 8 
Per cent incorporation 21* 14 11 
. 25.4 
4.6 
16.0 
8.4 
5.0 
1.5 
(3.3) 
Lens 4 
23.8 
415 
380 
50 
(40) 
470 
81 
22 
27 
*Lens No. 1 had a capsule perforation. 
Discussion of these results is postponed until more data have 
been presented. 
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4. . Incorporation of Carbon-14 from Carbo~l-Labeled Glycine 
into Glutathione as a Function of Glycine Concentration 
A third incubation experiment was carried out with labeled glycine 
to determine, if possible, whether or not glycine concentration influences 
the rate of turnover of glycine in glutathione. One lens {No. 1) was fed 
80 micrograms of labeled glycine as in previous experiments, while the 
other lens was fed 80 micrograms of labeled glycine and 320 micrograms of 
ordinary glycine. The incubation was carried out for eighteen and a half 
hours. The results obtained are summarized in Table IX. 
Table !Xa 
c14 Distribution in Experiment T-3 
Sample Counts/Aliquot Samples Total Counts/Minute x 10-4 
Counted Lens 1 Lens 2 
Fed · 6000 2 36.3 
Left 3500 2 16 
Extr. 4000 2 14.8 
Free 2100 2 7.2 
GSH 2300 3 6.4 
Protein 1800 2 1.4 
C02 (4) 
Table IXb 
Incorporation of c14 in Glutathione 
Incubation time, hrs. 
Weight of lens, mg. 
GSH glycine, micrograms 
Glycine fed, micrograms 
Free glycine,micrograms 
Total glycine pool, micrograms 
Per cent of pool glycine in GSH 
Per cent activity in GSH 
Per cent incorporation 
Lens 1 
18.5 
347 
310 
80 
35 
425 
73 
19.8 
27 
34.4 
17.4 
13.9 
10.6 
3.4 
.9 
(2) 
Lens 2 
18.5 
345 
350 
400 
35 
785 
44.6 
10.5 
24 
63. 
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Discussion--This experiment was originally carried out to find out 
whether or not the protein glycine participates in measurable exchange 
with the extractable glycine in the lens. That this latter effect is small 
can be demonstrated in the following w~. The calculations of the per cent 
incorporation of carbon-14 into glutathione are repeated witl1 an additional 
amount of glycine in protein added to the glycine pool. For example, if 
70 micrograms of glycine from lens protein are considered to participate 
in the exchange pool, then the incorporation figures become 32 and 26 per 
cent, for lenses No. 1 and No. 2 respectively. This increases the deviation 
in the amount of exchange in this pair of lenses from 3 to 6 per cent. 
This difference between the lenses increases rapidly as increasing amounts 
of protein glycine are included in the calculations. 
This calculation was made on the assumption that the rate of turnover 
of glycine in glutathione was not altered by the different glycine concentra-
tions. In view of the results of the experiment described in the following 
section which actually demonstrated the relatively low amount of glycine 
in protein, the results of the experiment just described become more valuable 
as an indicator that the rate of turnover of glycine in glutathione is 
indeed independent of the concentration of glycine available. This con-
clusion is justified because the difference between the 32 and 26 per cent 
calculated above with a protein correction is nothing like the five-fold 
difference in the amounts of glycine fed, or the two-fold difference in the 
total glycine pools (see Table IX). 
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B. Incorporation of Car~on-14 from Carboy-1-Labeled Gly;cine into 
the Lens Proteins 
The combined protein from the two lenses in the experiment above 
was dried in air at room temperature for a week and ground in alcohol 
ether 1:1, to remove any fatty materials. Aliquots of the 6 ml. of 
solvent were plated on copper discs after the solid was removed with the 
centrifuge. Two samples gave the same counting rate as the background. 
The aliquot volumes were 42 microliters. Therefore, it appears that no 
appreciable amount of carbon-14 was incorporated in the fatt,r acids or 
lipids of the lens. Eight milligrams of this washed and dried protein 
were submitted to hydrolysis with dilute hydrochloric acid in a steam 
autoclave. After evaporation of the acid in a vacuum, the amino acids 
were diB.tributed on a starch colilllll1 and eluted with 1:2:1 n-butyl alcohol-
n-propyl alcohol--0.1 N HCl followed, after the emergence of aspartic 
acid, by 2:1 n-propyl alcohol--0.5 N HCl. This procedure including the 
hydrolysis was carried out by Dr. Ivan D. Frantz, Jr. and Miss Nancy 
Werner of the Huntington Memorial Hospital of Harvard Universit,y. The 
method has been described very adequately b,y Moore and Stein (40). 
The eluate from the starch column was collected with an automatic 
sample changer so that fractions of a pre-determined volume (4 ml.) could 
be taken. A total of about 26o fractions was taken. An aliquot of each 
of these fractions was analyzed for amino acid by the color reaction with 
ninhydrin (40). Since the amino acids do not all give the same amount of 
color, the colorimeter readings were converted to leucine equivalents, 
I 
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using appropriate factors which have been evaluated for the various amino 
acids. The fractions in which a given amino acid can be expected are 
found by standardization of the procedure with individual amino acids 
and with known mixtures of them. 
The remainder of the pooled fractions containing individual amino 
acids were plated on copper discs and counted. In some cases, two amino 
acids appear together in a group of fractions so the amount of amino acids 
and carbon-14 reported is a sum for the two. Serine and glycine appear 
in adjacent groups of .fractions so intermediate fractions which might 
contain both amino acids were not included in the pooled samples which 
were counted. The counts obtained were corrected to include all of the 
amino acid obtained, hm~ever; the results obtained are summarized in the 
following table. 
Table Xa 
Incorporation of c14 in Lens Proteins 
(8 mg. of dr,y protein as a basis) 
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Fraction Yield Total c14 Mole % of Total 
Counts/min.b Protein Amino Acids Micromoles 
lG-19 2.31 84 1.95 
Leucine-Isoleucine 17.98 19 15.20 
Phenylalanine 5.59 8 4.?3 
Valine, methionine 18.27 11 15.47 
Tyrosine 6.34 5.36 
Proline 13.81 30 11.68 
Glutamic a.-Alanine 11.02 6 9.33 
Threonine 2.71 2.29 
Aspartic 8.40 7.13 
137-139 .34 .29 
Serine 8.56 127 ?.25 
Glycine 7.10 370 6.00 
Ammonia 8.35 7.08 
Arginine 4.04 J.lu 
Lysine 2.00 1.69 
Histidine 1 • .32 1.12 
Cystine 0 0 
118.16 655 99.98% 
a. These results were obtained by Dr. Ivan D. Frantz, Jr. and 
Miss Nancy Werner. 
b. Note that only the values which were twice background (22 counts 
per minute) or greater are significant since a relatively small 
number of counts (512) were recorded at the time of this writing. 
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Discussion--A normal bovine lens which is not much different from 
a normal rabbit lens in composition contains about 36 per cent of protein 
by weight, of whioh 16.5 per cent of the dry weight is nitrogen (34). 
If the mole fraction of glycine in this protein is 6 per cent (Table IX) 
and the weight ratio of glycine to nitrogen is 75/14, then the amount of 
glycine in protein is .165 x .36 x .06 x 75/14 = 19.1 mg. per cent on a 
wet weight basis. This is somewhat lower than the 50 to 80 mg. per cent 
reported before in Chapter III. However, as was pointed out at that time, 
those results were uncertain. 
An approximate turnover rate for glycine in protein is given b,y 
the following calculations. In a 340 mg. lens the glycine in protein 
would amount to 65 micrograms on the basis of the chromatographic analysis. 
This is about one-tenth the average glycine pool for each of the two lenses 
which were combined for analysis. The average amount of carbon-14 in 
protein glycine in each of the two lenses .was 0.6 x 104 counts per minute 
as calculated from the 8 mg. aliquot of combined protein. The average 
amount of carbon-lh available for each pool was 31 x 104 counts per minute. 
Therefore, only 2 per cent of the available labeled glycine became protein 
glycine. This indicates an incorporation rate of about 20 per cent in 
eighteen and a half hours, which is only a little less than the rate for 
incorporation of carbon-14 in glutathione. Therefore, the previous data 
should be altered to include an allowance for participation of protein 
glycine in the glycine pool; however, since the variation in incorporation 
rate in lenses from different rabbits is about 100 per cent, there is 
little merit in including a cornection factor which would raise each twenty-four 
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hour incorporation value b,y 1 to 5 per cent. The relative rates were 
much more important for the present stuqy and furthermore, no data are 
available for the amount of glycine in the protein of cataractous lenses. 
The significance of the distribution of radioactivity in the amino 
acids of lens protein will be discussed in a later chapter. First, 
however, the experiments with cataractous lenses will be described. 
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VII IN VITRO INCORPORATION OF CARBON-14 FROM CARBOnL-LABELED GLYCINE IN 
GLtrrATHIONE OF CATARACTOUS RABBIT LENSES 
A. An .Alttempt to Produce Cataracts in Vitro 
Preliminar,y to a stuqy of the rate of glutathione synthesis in 
cataractous lenses, an attempt was made to produce cataracts in vitro 
qy means of some of the agents known to produce cataracts in animals. 
This type of experiment has been reported in detail qy Bakker (5) who 
worked with rat lenses with his culture technique which was discussed 
in Chapter II. He used galactose and compared it to glucose at the 
same concentration. 
In this experiment, the aim was to find the qualitative effect 
of naphthalene, galactose, and 2,4-dinitrophenol on rabbit lenses cultured 
by the new technique. 
Experiment--Preparation of the nutrient mixture was altered 
slightly for this experiment. Three stock solutions were prepared as 
follows. Each solution was filtered through a sterile Berkefeld (porous 
ceramic) filter with the sodium bicarbonate filtered last. Mouth suction 
alone was used to avoid removal of excess carbon dioxide which might cause 
calcium carbonate to precipitate. 
No.1: Galactose (303 mg. per cent). 
The 2 ml. of 10 per cent glucose in the modified Krebs-
Henseleit buffer mixture were replaced by 1 ml. of 10 per 
cent glucose and 4 ml. of 10 per cent galactose (1.00 g. 
galactose diluted to 10.0 ml. with 9.5 ml. water). The 
Amigen solution (0.81 ml.) which contained glycine and 
ascorbic acid was also added before sterilization. The 
final volume of solution was 133.8 ml. instead of the 
usual 130 ml. 
No.2: 2,4-Dinitrophenol (lo-4 molar). 
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2,4-Dinitrophenol (2.4 mg.) was added directly to a stock 
solution containing 2 ml. 10 per cent glucose and 0.81 ml. 
of the 10 per cent Amigen which contained glycine and 
ascorbic acid. The final volume was 130.8 ml. 
No.3: Naphthalene (nearly saturated). 
The stock solution containing 2 ml. 10 per cent glucose 
and 0.81 ml. Amigen solution was saturated with naphthalene 
by allowing it to stand overnight in a warm place with 
excess suspended naphthalene. The following morning the 
excess naphthalene was removed with a filter paper prior 
to sterilization with the Berkefeld filter. 
All three solutions were kept saturated with air carbon dioxide by 
bubbling the breath through them with a sterile cotton-plugged pipette 
each time they were used. Vfhen not in use, the solution containers vrere 
kept closed with rubber stoppers which were flamed each time the flasks 
were opened. 
Three lenses were obtained under sterile .conditions from rabbits 
Nos. 77 and 78. One eye from 78 was infected so a control lens was not 
available for this experiment. The time dat.a a.na ubservat.i ons recorded 
follow. Culture conditions were the same as in earlier experiments. 
4/19 Cultures started: #1 one lens from #77 
#2 other lens " II 
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Galactose 12:35 p.m. 
D.N.P.--epithelium up 
12:45 
#3 good lens from#78 Naphthalene 12:25 
4/20 Solutions changed at 11:50 a.m.; all cultures withdrawn with 
same sterile 5.0 ml. pipette; D.N.P. culture last; #1 clear; 
#2 considerable surface opacity on upper surface; #3 some peri-
pheral opacity (blotches). 
4/21 Changed at 12:15 p.m. Little physical change from 4/20. #3 very 
slightly opaque on surface; clear to slit lamp. 
4/22 Changed at 12:00 noon. #1 clear; #3 clear with very slight 
opacities. #2 surface opaque except on bottom where lens rested 
on glass. 
4/23 12:40 #1 clear except peripheral ring thinner than 1 mm. #2 general 
opacity near surface thinner at axis. Slit lamp showed punctUate 
opacities under capsule; then further in, more general opacity. 
#3 slight opacity extending into lens cortex on upper half. Mainly 
clear. 
4/24 11:15 standard time; 12:15 daylight saving time; solutions changed. 
4/25 12:00 daylight (11:00 standard); solutions changed. 
4/26 Solutions changed at ·9:30 a.m. Slit lamp examination by Dr. David 
G. Cogan (refer to figure 6). 
#1 "Lens was mildly opalescent throughout. There was 
a superficial opacity straddling the entire equator 
about 1 mm. broad and appearing optically irregular 
by transillumination. In addition, there was an 
opacity in the approximate center of what was taken 
to be the anterior surface of the lens. The most 
dense portion of this was approximately 2 mm. in 
diameter and had an irregular border fading out into 
a lace-like haze for a distance of a millimeter or 
more beyond the dense opacity and having numerous 
tiny, clear areas in it. The opacity extended about 
one-fourth millimeter into the cortex." 
#2 "Entire lens was moderately opaque. The equatorial 
zone showed a superficial opacity extending 1 to 2 mm. 
on either side and appeared optically irregular by 
transillumination. This appeared to be situated at 
the level of the capsule, or just beneath it, and was 
sharply demarcated from the rest of the lens. There 
were, in addition, several discrete opacities in the 
anterior cortex beneath the capsule. The nucleus of 
the lens was clear." 
#3 "Lens was moderately opalescent. The equatorial zone 
showed a diffuse opacity extending 1 to 2 mm. on either 
side of the equator with clear lacunae. This appeared 
as a zone of optical irregularity by transillumination. 
The opacity appeared to be situated at a level with 
the capsule. There were, in addition, a few yellowish 
white globules situated in the superficial cortex just 
anterior to the equator." 
4/27 10:30 a.m. Experiment terminated. 
The reducing power of aqueous picric acid extracts of the lenses was 
low. This is summarized in Table XI, along with values for the lactic 
acid produced by each lens during the last twenty-five hours of culture. 
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Table XI 
In Vitro Cataract Production 
(Eight day experiment) 
Lens No. 1 Lens No. 2 Lens No. 3 
Galactose D.N.P. Naphthalene 
Lens weight, mg. 597 569 468 
Glutathione, ·mg.% 84 102 128 
Lactic acid production, 
8th day, micrograms/hr. 78.3 102 112 
Degree of opacity 1 3 2 
Discussion--From the results of this experiment it appears that a 
cataract (lens opacity) can be induced in vitro under easily controlled 
conditions. Similar to cataracts in the intact animal, the appearance 
of opacity was accompanied · by a decrease in glutathione content o:f the 
lenses. However, the amount of opacity does not bear any relation to 
t he glutathione content when the cataract producing agents are different. 
The lactic acid production is somewhat higher than would be expected 
from the previous experiments reported in Chapter IV, Secti on B, but they 
are not high enough to be of any particular significance since they are 
isolated results. It is possible that the lactic aci d production of lenses 
which are developing opacities is high for the same. reason that some lactic 
acid was produced b,y frozen lenses after glucose consumption stopped. 
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The main differ.ence between the in vitro cataracts and those in-
duced in vivo seems to lie in the site at which the opacity starts. The 
in vitro opacities usually started at the front surface of the l ens which 
is covered by the epi thelium, or at the equator of the lens. On t he other 
hand, in vivo cataracts usually start in the interior of the lens in the 
posterior cortex near the capsule. There is, of course, a cor~iderable 
variation depending on the nature of the cataract in animals. 
One further study was carried out tvith in vitro cataracts. The rate 
of incorporation of labeled glycine was determined for lenses which had been 
incubated vdth and without naphthalene for a week. This experiment is re-
ported in the following section. 
B. Rate of Incorporation of Labeled Glzcine £r Cataractous Lenses 
1. Incorporation of Labeled Glycine in Lenses Previously 
Incubated in Vitro for a Week 
This experiment was carried out to evaluate the culture technique 
as a means of studying glutathione synthesis in a type of cataract which 
could be easily controlled in production. The experiment failed on this 
score because the glutathione in all the lenses dropped considerably and 
a pair from one rabbit got opaque while the otherpair stayed clear. One 
lens from each rabbit was used as a control while the others were exposed 
to naphthalene. The difficulty can only be attributed to the Amigen since 
a new sample was taken from a bottle which had been opened some weeks earlier. 
In future experiments a synthetic mixture of amino acids would probably be 
more useful. 
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Experiment--control and naphtP~ene stock solutions were made up 
as follows: 130 ml. of culture medium containing 2 mg. per cent glycine 
and 30 mg. per cent ascorbic acid were desired. Therefore, 10.4 mg. of 
glycine and 156 mg. of ascorbic acid were dissolved in 2.0 ml. of water. 
This solution (0.5 ml.) and 0.6 ml. of 10 per cent Amigen were each added 
to the 109 ml. of modified Krebs-Henseleit mixture just before the latter 
was filtered through a sterile Berkefeld filter. Then 21 ml. of sodium 
bicarbonate (1.3 per cent saturated with carbon dioxide) was filtered into 
each batch last. 
Two batches of the saline mixture were allowed to stand overnight 
at room temperature, one with solid naphthalene present, and one without. 
Then the Amigen, glycine, ascorbic acid, and bicarbonate were added by 
the procedure descrj.bed. The lenses from the right eyes of a young albino 
rabbit (1 year old) and another slightly older rabbit were used as controls 
(Nos. 1 and 2), while the lenses from the left eyes were incubated with the 
culture containing naphthalene {Nos. 3 and 4). The cultures were changed 
to a medium containil1g glucose alone as a nutrient with labeled glycine 
added. This labeled culture was prepared by adding four 25.8 microliter 
portions of the stock labeled glycine solution to 20 ml. of the basic 
glucose culture medium in a small sterile Erlenmeyer flask. The lenses 
were incubated for twenty-three hours and thirty-six minutes. Then they 
were removed and analyzed by the usual procedt~e. The results are summarized 
iri Table XII. 
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Table XIIa 
Carbon-14 Distribution in Experiment T-4 
Counts Aliquots: Total Counts/Minute x 10-4 
Sizea Number Sample Per Aliquot Lens 10 Lens 2C Lens 3N Lens 4N 
Fed 4096 25.8 4 34.8 34.8 34.8 34.8 
Left 4096 34.3 2 27.0 26.2 24.L. 26.2 
Extr. 2048 34.3 2 4.1 7.5 8.1 7.1 
Free 512 34.3 2 2.1 3.2 3.4 3.8 
GSH 512 34.3 2 2.0 4.3 4.7 3.3 
Protein 1024 25.8 2 0.6 o.5 0.9 0.1 
C02 (3.1) (0.6) (1.!!) (0.8) 
a. Al.iquots are expressed in microliters. 
Table XIIb 
Incorporation o.:r Carbon-14 in Glutathione 
Lens lCb Lens 2C Lens 3Nb Lens 4N 
Incubation time, hours 23.6 23.6 23.6 23.6 
Weight of lens, mg. 443 572 408 552 
GSH glycine, micrograms 85 263 160 266 
Glycine fed, micrograms 64 64 64 64 
Free glycinec, micrograms (llO) (110) (100) (llO) 
Total glycine pool, micrograms 259 437 324 440 
Per cent o.:r pool glycine in GSH 33 60 49 60 
· Per cent o.:r c14 in GSH 6.6 12.9 14.9 10.2 
Per cent incorporation 20 t5 22 ±5 30 :t:5 17 t.5 
b. Lens 1 was very opaque, while Lens 3 had opaque blotches on one surface. 
c. The free glycine values are assumed to be higher than normal b,y reference 
to previous similar culture experiments in which glycine ~ses were 
carried out (Chapter IV, Section B). 
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Discussion--It is immediately evident that saturation of the culture 
medium with naphthalene had no apparent effect in this experiment. Further-
more, the two lenses from a young rabbit shaw a more rapid average gluta-
thione synthesis rate than those from a somewhat older rabbit which had been 
used by Dr. Kinsey in aqueous humor experiments. This difference evidently 
bears no relation to the partial opacit,y of the lenses. 
The only conclusion which can be drawn from this experiment is 
that any decrease in glutathione synthesis rate which caused the glutathione 
to drop during the week of in vitro culture was too small to be detected 
because of the large variation in individual rabbits. Actually, with a 
turnover half-life of only about thirty-five hours (Chapter VIII), in a 
week's time a small increase in the rate of the breakdown reaction over 
the synthesis reaction could cause the observed decrease in glutathione 
concentration. 
2. Preparation of Naphthalene Cataracts in Rabbit Lenses 
In Vivo 
Dr. William Buschke of the Manhattan Eye, Ear and Throat Hospital 
volunteered to provide rabbits with induced naphthalene cataracts when he 
learned of our studies on glutathione synthesis. The procedure consists 
in feeding rabbits naphthalene in a suitable medium like paraffin oil 
with the aid of a stomach tube. 
The history of the rabbits which were used in the follardng two 
experiments in best given by quoting letters from Dr. Busehke. The first, 
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dated June 16, gave the following information. 
"Of the six rabbits we started last week on naphthalene, 
two have died. Of the remaining four, two have maturing cataracts, 
while two have non-progressive lens opacities Which presumably 
will recede within the next few days. In order to avoid further 
casualties, I propose to stop naphthalene in this series now, 
and expect that you will then have four eyes with good cataracts 
to start with, and four eyes of naphthalene fed rabbits with only 
minor or no opacities. I don•t expect the maturing cataracts to 
regress even if we stop naphthalene now. Will it be O.K. with 
you if I send you the rabbits this coming Tuesday with the 9:00 a.m. 
plane? Inasmuch as we stop the naphthalene feeding now, it will 
not presumably make much difference whether or not you use the 
rabbits the same day they arrive. Incidentally, the rabbits 
with maturing cataracts are pigmented, the other ones are not; 
this' however' has no particular significance since one of the 
rabbits which died yesterday was an albino and had maturing 
cataracts." 
The naphthalene doses which were given these rabbits are described 
in Dr. Buschke•s second letter (air mail special delivery) dated June 20. 
"Rabbits Nos. 475 and 476 (white) have been fed with naphthalene 
from 6/9 to 6/15 inclusive, and received 15 to 20 g. total; Nos. 477 
and 478 (black) received naphthalene from 6/10 to 6/15 inclusive; 
altogether, approximately 12 to 16 g. Nos. 477 and 478 have mature 
cataracts now; 475 and 476 have only scattered cortical opacities. 
I am going to give No. 476 about 3 g. of naphthalene tonight since 
it is a refractory animal. It will be of interest in comparison 
with No. 475 which is likewise fairly refractory, but will not 
receive this acute extra dose." 
The four rabbits were received at noon on June 21, and two of 
them, Nos. 475 and 477 were immediately used for the following experiment. 
3. (a) Incorporation of Labeled Glycine in Lenses with 
Naphthalene Cataract 
Experiment--Stock glucose culture containing labeled glycine was 
prepared as before with 20 ml.. of culture and four 25.8 microliter portions 
ao. 
of labeled glycine solution in a sterile flask. A description of observa-
tions made when the eyes were opened and the lenses placed in culture, 
follows. 
No. 1: Right eye of rabbit No. 475; slight opacity on one surface 
of the lens; retina was damaged over half its area with 
a red growth. 
No. 2: One lens from No. 477; retina had thick growth and the 
lens capsule was degenerated. The lens was very opaque 
and mushy, and it was accidently broken open. These two 
lenses were placed in culture at 4:45 p.m. 
No. 3: Left eye of No. 475 had a few hazy opacities in the lens 
and the retina was damaged over half its area. 
No. 4: Other eye of No. 477; the lens was completely opaque and 
soft, but was kept whole. These two lenses were placed 
in culture at 5:00 p.m. 
On the following day at 9:00 a.m. lenses Nos. 1 and 2 were removed 
while the other pair was incubated until 4:45 p.m. The analytical data 
are summarized in the following table. 
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Table XIIIa 
Distribution o£ Carbon-14 in Experiment T-5 
Total Co~s/Minute x 1riG Counts Aliquots: 
Sample Per Aliquot Sizea Number Lens 1 · Lens 2 Lens 3 Lens 4 
Fed 4096 25.8 4 32.6 32.6 32.6 32.6 
Le£t 4096 34.3 2 27.4 32.6 27.8 19.9 
Extr. 2048 34.3 2 2.7 
----
3.1 3.5 
Free 512 34.3 2 1.5 1.1 2.5 
GSH 512 34.3 2 0.9 0.5 0.9 
Protein 1024 25.8 2 1.0 1.1 2.8 
C02 (0.5) (0.6) (6.4) 
a. Aliquot sizes are in microliters. 
b. Lens 2 was broken and the protein was not analyzed. 
Table XIIIb 
Incorporation o£ Carbon-14 in Glutathione 
Lens 1 Lens 3 Lens 4 
Incubation time, hours 16.25 23.75 23.75 
Weight of lens, mg. 284 300 476 
GSH glycine, micrograms 62 62 23 
Glycine £ed, micrograms 64 64 64 
Free glycineC, micrograms (40) (40) (16) 
Total ~cine pool, micrograms 166 166 103 
Per cent o£ poo~ glycine in GSH 37.4 37.h 22.h 
Per cent o£ C-14 in GSH 2.9 1.5 3.8 
Per cent incorporation o£ C-14 8±3 4 ±2 17 ±5 
c. Estimated on the basis o£ analyses made in the following experiment. 
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Discussion--The results of this experiment were variable, probably 
because the estimation and analytical errors are more important when the 
glycine pool is as small as in these cataractous lenses. However, from a 
qualitative viewpoint, it is clear that the lenses from these naphthalene 
fed rabbits incorporated glutathione much more slowly than did normal 
lenses. 
3. (b) Incorporation of Labeled Glycine in Lenses with 
Naphthalene Cataract 
Another experiment similar to the one above was carried out with 
one lens from each of the remaining two naphthalene fed rabbits used as 
an analytical control. The other pair of lenses was incubated with 
labeled glycine as in the preceding experiment. The stock solution for 
this experiment was taken from 12 ml. of basic glucose medium with three 
25.8 microliter aliquots of the labeled glycine solution. The analytical 
results are summarized in the following table. 
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Table XIVa 
Distribution of Carbon-14 in Experiment T-6 
Counts Aliquots:· Total Counts/Minute x lo4 
Sample Per Aliquot Sizea Number Lens 1 Lens 2 
Fed 4096 34.3 4 39.0 39.0 
Left 4096 34.3 2 2h.1 19.9 
Extr. 4096 34.3 2 10.5 4.1 
Free 1024 34.3 2 5.1 3.3 
GSH 4096 34.3 2 4.8 1.5 
Protein 1024 25.8 3 1.0 2.8 
C02 (3.1~) (12.2) 
a. .Aliquot sizes are given in microliters. 
Table XIVb 
Incorporation of Carbon-14 in Glutathione 
Lens 1 b Lens 2 c Lens 3 c Lens 4b 
Incubation time, hours 23.3 23.0 0 0 
Weight of lens, mg. 267 483 468 272 
Glycine fed, micrograms 80 80 
GSH glycine, micrograms 258 23 24 233 
Free glycine, micrograms (35) (16) 16.3 35 
Total glycine pool, micrograms 372 119 
Per cent of pool glycine in GSH 69.4 19.3 
Per cent of C-14 in GSH 13.8 6.3 
Per cent incorporation of C-14 ' 20 t.5 33 ±5 
b. These lenses were £rom rabbit No. 476 and were nearly normal in 
appearance. No retinal damage in either eye. 
c. These lenses were from rabbit No. 478 and both had hypermature cataracts, 
that is, the interior of the lens was fluid with a flocculent protein 
precipitate in it. No retinal damage in either eye. 
Discussion--The rate of incorporation of labeled glycine into 
glutathione and in protein in the lenses above is essentially the same 
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as in the normal lenses dealt with earlier. The difference between these 
lenses and the others with naphthalene cataract are a) that these rabbits 
were living on a normal diet for eight and fourteen ~s after the last 
naphthalene dose instead of six days, and b) no retinal damage was present 
in either of these rabbit's eyes. In this connection, it should be noted 
that lens No. 4 of Experiment T-5 was from rabbit No. 477, both eyes of 
which had a fairly thick growth over the entire retina. Nevertheless, 
this lens incorporated glycine faster than did the two lenses from the 
eyes of rabbit No. h75, both of which only had partially damaged retinas. 
The net result is that it appears qualitatively as though the 
time interval after naphthalene feeding is tnore important than the 
retinal damage which also occurred. If this is so, then it appears that 
naphthalene causes a temporary disruption of the incorporation of glycL~e 
into glutathione. On the other hand, incorporation of glycine into 
protein does not appear to have been altered appreciably qy the cataract 
formation, a1 though this reaction was proceding slightly fast.er than 
normal in the lenses with hypermature cataracts (lens No. 2 of Experiment 
T-6, and lens No. 4 of Experiment T-5). A reason for this increase will 
be suggested in the next chapter where some of the metabolic reactions of 
the lens are discussed. 
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VIII SUMMARY OF RESULTS AND DISCUSSION 
J(. The Culture Techniq~ 
The procedure for the incubation of excised lenses offers several 
advantages and a few disadvantages when compared to the perfusion culture 
technique described by Bakker (3). Outstanding among the advantages are 
the ease of carrying out multiple experiments, the easy chemical control 
of the solution and applicability to studies with radioactive materials. 
The disadvantages lie in a possibility of harmful action of lens waste 
products toward the end of a twenty-four hour culture period, and the 
method shares with Bakker's technique the possibility of removal of vital 
enzyme systems when the culture medium is completely changed. The fact 
that lenses have been kept normal in appearance for fifteen days indicates 
that these disadvantages are not serious. 
The apparent decrease in metabolic rate of lenses in culture is 
not serious for short term experiments; however, it is of importance in 
connection with long term experiments for cataract studies. Since the 
casein hydrolysate did not eliminate the drop in lactic acid production 
and glucose consumption, one is forced to conclude that there is a change 
in carbohydrate metabolism. This may be an indication that certain critical 
substances for carbohydrate metabolism are lost or destrqyed by the culture 
technique. 
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Reiner (44) investigated the influence of adenosine triphosphate, 
c.ytochrome c, hexose diphosphate, and coenzyme I on the glycolytic 
cleavage of glucose in homogenates of mouse brain and liver. He found 
that coenz.yme I was especially important since its absence caused the 
largest drop in metabolism of tissue slices. This material was the one 
most rapidly destroyed in damaged tissues. The other substances were 
also important in brain tissue for maintenance of normal metabolic 
rate. Brain tissue has a high ratio of glycolytic cleavage to oxidative 
cleavage of glucose, and in this respect is similar to the lens. Thus, 
future experiments on long term culture should include an investigation 
similar to that of Reiner, only using the intact lens instead of homogenate. 
The studies of A. Fischer (22) on chicken heart fibroplasts in-
dicate that this tissue contains enough trace elements and growth factors 
so that incubation experiments could be carried out for a few days in a 
relatively simple mixture. This work would lead one to believe that an 
intact lens should contain enough of the trace elements and growth factors 
to maintain relatively normal metabolism for a day or so. This idea is 
lent substance b.1 the relatively slaw drop in lactic acid production and 
glucose consumption during the first few days in the long term culture 
experiment. It was on this basis that all the experiments ~th labeled 
glycine were carried out in a medium containing only glucose and glycine. 
The elevated lactic acid production by lenses fed casein hydrolysate 
combined with the fact that lactic acid was obtained from frozen lenses 
after consumption of added glucose stopped, seems to indicate a source of 
lactic acid in the lens other than glucose. Glycogen has not been found 
in mature lenses (11) so this is not a possible source of lactic acid. 
Insufficient information is available at present to allow a prediction 
of the possible source of the small excess of lactic acid obtained in 
these experiments. 
B. Role of Gtycine in the Lens 
The failure of previous workers to report glycine in lens protein, 
lens extracts, and aqueous humor is probably attributable to the fact that 
the analytical methods they used were not sensitive enough to detect the 
smal~ amount which is present in the lens and aqueous humor. The actual 
glycine distribution is given for albino rabbits in the following table. 
Figures are within 10 per cent (except as indicated) to allow for variation 
in rabbits. 
Table :zy 
Glycine in the Rabbit Eye 
Values are in mg. per cent. 
(mg./100 g. wet weight) 
Blood plasma••••••••••••••••••• 10 
Aqueous humor•••••••••••••••••• 2 
Extractable from the lens•••••• 10 t3 
Lens protein (peptide glycine). 20 t.? 
Glutathione (peptide glycine) •• loo 
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From this table it is evident that the major portion of the ~cine 
in a lens is in the glutathione; therefore, one could conclude that the 
main function of the process qy which glycine is imbibed is to supply 
material for glutathione sr-othesis. 
In tissues such as liver, an imbibing effect is also noticed with 
glycine. Furthermore, this process is dependent upon the presence of 
oxygen (23). If this is also the case in the lens, namely that oxidative 
cleavage of glucose to carbon dioxide provides the energy for the con-
centration of glycine, then interruption of glutathione s,ynthesis due to 
lack of glycine could be a cause of cataract due to anoxia (lack of o~gen) 
(13). This is based on the assumption that a decrease in the glutathione 
synthesis rate is a major contribution to the cause of a cataract. Evidence 
for the validity of this last assumption will not be available until a 
considerable number of experiments have been carried out similar to those 
reported here with lenses in various stages of naphthalene cataract, and 
with lenses with other types of natural and induced cataracts. 
The incorporation of glycine into lens protein has been demonstrated 
with the chromatographic amino acid separation technique. Whether this 
glycine is an important part of the protein, or ~ether it simply constitutes 
a reserve supply of glycine available through proteolytic enzyme act ion 
for glutathione synthesis, is not known. 
It does appear certain that glycine is incorporated into serine 
since the amount of carbon-14 incorporated into serine was larger than 
that incorporated into some of the other amino acids, such as ~roiL~e, or 
leucine and isoleucine (Table X). This latter incorporation might have 
gone qy w~ of carbon dioxide. The synthesis of serine from glycine has 
recently been demonstrated in rats (45). First it was demonstrated that 
glycine was converted to serine via condensation with a formic acid 
derivative. 
CH2COOH + HCOOH ~ 1 or 
(HCHO?) 
Glycine itself could give rise to "formate": 
CH2COOH CHOCOOH 
11HCOOH11 + C02 t ~ ~ 
NH2 +NH3 (HCHO?) 
The synthesis of serine from glycine was demonstrated with 
carbon-14 metnylene labeled glycine; the carbon-14 appeared in both the 
alpha and beta carbon atoms of serine in nearly the same amounts. With 
carbox,rl-labeled glycine the carbon-14 would only appear in the serine 
carboxyl group and in carbon dioxide. Note that the presence of carbon-14 
in carbon dioxide has been demonstrated in the lens incubation experi-
ments. 
c. Rate of Synthesis of Glutathione 
The main object of this work was to determine whether glutathione 
is s.ynthesized in the lens, and if so, what were the relative rates of 
s.ynthesis in normal and cataractous lenses. The calculations which have 
been outlined in an earlier chapter on the per cent of incorporation of 
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glycine into glutathione give a measure of rate of approach to isotopic 
equilibrium which is suitable for the present purposes. It must be 
pointed out that the value of the glutathione synthesis rate can only 
be obtained by a series of successive approximations in which allowance 
is made for the fact that all of the glycine in glutathione does not 
enter the glycine pool, and exchange with glycine in the culture medium 
is incomplete during the experimental interval. 
Had sufficient information been available to have made more exact 
estimates of the synthesis rates, preliminary consideration of the effect 
would suggest that the rates found in this work are slightly low. This 
may account in part for the rather large deviation indicated in the 
results which have been summarized in the following table. 
Table XVI 
Summar.y of Results 
Lens No. Experiment No. * Incorporation of Glycine Incubation 
Per cent; (all t5)a Time1 Hrs. 
1 
2 
1 
2 
3 
4 
1 
2 
1 
2 
3 
4 
1 
1 
2 
2 
2 
2 
3 
3 
4 
4 
4 
4 
33 
42 
21 
14 
11 
27 
27 
24 
20 
22 
30 
17 
24.0 
24.0 
24.3 
11.6 
11.75 
23.8 
18.5 
18.5 
23.6 
23.6 
23.6 
23.6 
-~-~--------------------------1 
3 
4 
1 
2 
5 
5 
5 
6 
6 
8 
4 
17 
20 
33 
16.25 
23.75 
23.75 
23.3 
23.0 
a. Note that this variation is smaller than the variation 
between lenses from different animals. 
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ascribe a causal relation between the decreased rate of synthesis of 
glutathione and the cataractogenic process, since all forms of cataract 
are accompanied by decr eased concentration of glutathione. Additional 
studies along the paths outlined in this thesis appear to offer a fruitful 
approach to· clarifying further the mechanism of cataract formation. 
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I 
A-2 
The reaction of 2,3-dichloro-1-propene with phenylmagnesium bromide 
in diethyl ether or di-~-butyl ether produced biphenyl and allene in good 
yield and only a small amount of 2-chloro-3-phenyl-1-propene. When the 
reaction was forced b,y the use of toluene as a solvent, and a higher reaction 
temperature, the yield of 2-chloro-3-phenyl-1-propene increased from about 
10 to 30 per cent. The improved reaction in toluene still left much to 
be desired so other 2,3-dihalo-1-propenes were prepared and their reaction 
with phenylmagnesium bromide studied. 
The halides prepared were 2-chloro-3-iodo-1-propene, 3-bromo-2-chloro-
1-propene, 2-bromo-3-chloro-1-propene and 2,3-dibromo-1-propene. The reaction 
of the iodo compound with phenylma.gnesium bromide in ether gave a fairly 
good yield of 2-chloro-3-phenyl-1-propene but the reaction has not been 
studied in detail because of instability of the halide. The order of 
effectiveness of the allyl halides in the al~lation of phenylmagnesium 
bromide (ascpposed to the coupling reaction which produced biphenyl) was 
3-bromo-2-chloro-1-propene, 2,3-dibromo-1-propene, 2,3-dichloro-1-propene, 
and 2-bromo-3-chloro-1-propene when the reactions were carried out in 
toluene solutions. The highest yield of beta-haloallyl benzene was 52 per 
cent with the first halide named. 
On the basis of these results it is tempting to suggest that two 
like halogen atoms in a 2,3-dihalo-1-propene do not possess a sufficient 
difference in reactivit,y to prevent attack on both the allyl and vinyl 
positions. To accomplish a selective reaction of the allyl halogen it is 
necessar.y that this halogen have a law e-x bond energy as in e-Br or e-I 
bonds, while the vinyl halogen has a high e-x bond energy as in the e-el 
bond. 
A convenient preparation o£ acetone or acetylene derivatives can 
be carried out by alkylation of Grignard reagents or of compounds of the 
sodium malonic ester type with 3-bromo-2-chloro-1-propene or 2-chloro-3-iodo-
1-propene. If the substituent groups in the 3-substituted-2-chloro-1-propenes 
obtained qy either method of alkylation are not sensitive to 85 per cent 
sufluric acid, then acetone derivatives can easily be obtained. On the 
other hand, if the substituent group is not sensitive to alkali, a substi-
tuted acetylene can be obtained. 
2-chloro-3-iodo-1-propene was easily obtained from 2,3-dichloro-1-
propene by the exchange reaction with sodium iodide in acetone. 3-Bromo-
2-chloro-1-propene was obtained indirectly from 2,3-dichloro-1-propene as 
it was prepared £rom beta-chloroallyl alcohol and phosphorus tribromide. 
The alcohol was prepared commercially by hydrolysis of 2,3-dichloro-1-propene. 
It is probable that the methods described in this study can be 
applied to the preparation of 3-substituted-1-chloro-1-propenes which in 
turn should be useful for the preparation of propionaldehyde or propionic 
acid derivatives. Such preparations would make use of 1,3-dichloro-1-propene 
which is also available commercially. 
~tB 
The aim of this work which was carried out under a fellowship 
donated by the ~e Bank of New York was to study the metabolism of gluta-
thione in the lens and cornea of the eye. The lens and cornea are similar 
in their metabolic requirements but the lens can be studied in vitro for 
extended periods of time while the cornea cannot because of its peculiar 
permeability relationships. 
The tripeptide, glutathione or gamma-glut~lcysteiQylglycine, is 
present in a high concentration in the lens and cornea and furthermore, 
in the lens the appearance of an opacity is accompanied by a decrease in 
the amount of glutathione present. The synthesis of this tripeptide has 
been demonstrated elsewhere in liver tissue, both in vivo and in vitro. 
Therefore the main part of this work was devoted to a demonstration of 
glutathione s.ynthesis in the ocular lens and a determination of the relative 
rates of the synthesis in normal and cataractous lenses. 
The natural environment of the ocular lens is very similar to that 
of an organ in vitro, therefore this method was chosen for the present 
studies. Bakker has described a perfusion culture technique for maintenance 
of lens metabolism in vitro for extended periods of time but his method 
was not well suited to multiple experiments with radioactive material. 
Therefore a batch culture technique was devised in which a lens was bathed 
b.Y a sterile culture solution in an elongated container which was rocked 
slowly in the plane of its long axis. Rabbit lenses were incubated at 
37° c. with 4.0 ml. of a modified Krebs-Henseleit bicarbonate-buffered 
saline mixture with glucose added. This solution was changed daily and 
test substances were included when desired. Glucose _consumption and lactic 
acid production could be easily determined at daily intervals as a criterion 
of the rate of metabolism of incubated lenses. 
The culture method devised was suitable for experiments of twenty-four 
hours duration with labeled glycine because in this period of time the lens 
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metabolism remained normal even when glucose alone was used as a nutrient. 
This is probably attributable to a good supply of other nutrition factors 
in the lens at the time of its removal from an eye. 
The incorporation of ~cine into glutathione was demonstrated b.r 
feeding excised lenses with about 35 x 104 counts per minute of carbon-14 
carboxyl-labeled glycine as a 2 mg. per cent solution in the culture medium. 
This is the same as the concentration of glycine in the aqueous humor and 
the volume of culture medium was the same as the daily flaw of aqueous 
humor in rabbit eyes. 
In twenty-four hours, 15 to 30 per cent of the carbon-14 fed in 
glycine appeared in the glutathione of lenses from one to one and a half 
year old rabbits. The approximate half-life for the turnover of ~cine 
in glutathione was thirty to forty hours. This rate of turnover was not 
altered by feeding a lens five times the normal amount of labeled glycine. 
In these incubation experiments labeled glycine was also incorporated 
into lens proteins to the extent of 5 to 7 per cent of the amount fed in 
twenty-four hours. Dr. Ivan D. Frantz, Jr. of the Harvard Medical School 
carried out a starch column separation of the amino acids of the radioactive 
lens proteins after hydrolysis. He found that half of the carbon-14 was 
present in the small amount of protein glycine which was present. Further~ 
more, one third of the amount of carbon-14 in ~cine was present in serine, 
the amino acid 'With the next highest amount of radioactivity. Other amino 
acids which gave considerably lower counting rates equal to background or 
over, were proline, leucine-isoleucine and an unidentified fraction. These 
I 
results indicate that the conversion of glycine to serine which has been 
demonstrated recently in the liver, also takes place in the lens. 
The results of experiments with lenses of naphthalene fed rabbi ts 
indicated that in a few days after the naphthalene feedings the glutathione 
synthesis rate was greatly diminished, but when the rabbits were fed on a 
normal diet for a week after naphthalene feeding, the glutathione synthesis 
was near~ normal even in a lens with a bypermature cataract. This suggests 
that toxic substances irreversibly disrupt a part of the system concerned 
with the glutathione synthesis, and in the absence of naphthalene or secondar,y 
toxic substances, partial restoration occurs. This reasoning is compatible 
with the .observation that while the rate of incorporation of radioactivity 
is approximately normal, the absolute concentration of glutathione at the 
new steady state remains far below the normal level. 
AUTOBIOGRAPHY 
The author, Frederic Cutter Merriam, 
was born in Pelham, Nevr Hampshire on July 19, 
1920, the son of Clifton H. and Virginia F. 
Merriam of that tovr.n. He attended grade 
school, junior high school, and two years 
of high school in Pelham, then the final 
two years of high school were completed 
at the Lowell, Massachusetts High School. 
In the fall of 1938 he matriculated at 
Worcester Polytechnic Institute and received 
the B.S. degree in chemistry in May, 1942. 
For the following two years he studied at Cornell University as a teaching 
assistant and student for the M.S. degree which was obtained in 1944. In the 
winter of 1944-1945 he was a private in the United States Army. During the 
summers of 1944 and 1945 he was a research chemist in the laboratory of the 
R. T. Vanderbilt Co. at Norwalk, Connecticut. From 1945 until 1947 he was 
employed as a Teaching Fellow while studying for the A.M. degree at Harvard 
University and from 1947 until 1949 he was a Teaching Fellow at Boston Uni-
versity and a student for the Ph.D. degree. During the year 1948-1949 he was 
also a Research Fellow in Ophthalmology at Harvard University. 
He has written one publication, "Modification of the Hershberg Melting-
Point Apparatus for Internal Heating and Silicone Fluid," Anal. Chern. 20, 
1246 (1948). At Worcester Polytechnic Institute he was elected a member of 
Tau Beta Pi and a junior member of Sigma Xi. Hobbies are swimming, skating 
and electronics. 
